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Summary 
This thesis focuses on the development of functional materials based on 
conjugated polymers and polycyclic aromatic hydrocarbons using different 
approaches. Chapter one is a general introduction on conjugated polymers and 
polycyclic aromatic hydrocarbons, with a special emphasis on poly(p-phenylene)s and 
triphenylene derivatives. In Chapter two, the synthesis and characterization of 
cross-linked conjugated polyphenylenes are described. We demonstrated that by using 
a small amount of cross-linker, high molecular weight cross-linked polymers with a 
two dimensional network structure were obtained, which suggest that this synthetic 
scheme is a simple and effective way of modifying linear conjugated polymers to 
cross-linked conjugated polymers while maintaining the desired properties. Chapter 
three describes the synthesis and characterization of a few novel polyphenylene 
copolymers with triphenylene segments. We demonstrated that the self-assembly of 
the polymers in solid state was successfully controlled by the strong pi-pi stacking of 
triphenylene units and the interaction of side chains. As revealed by the X-ray 
diffraction studies, these conjugated rigid polymers exhibited well-ordered structures. 
In Chapter four, novel triphenylene-based materials in which one triphenylene unit 
was connected with another triphenylene or thiophene unit via rigid π-spacers was 
discussed and these molecules exhibited interesting liquid crystalline behavior. 
Compounds investigated by polarizing optical microscopy and differential scanning 
calorimetry showed crystalline nature, glassy state, nematic liquid crystal (LC), 
discotic columnar LC or banana-shaped LC phases. In Chapter five, in order to extend 
 iv 
the unique properties of substituted conjugated polymers by incorporation of 
conjugated functional pendant groups, we developed polyacetylene and polythiophene 
polymers with fluorene or triphenylene pendant groups. The overall properties of the 
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Chapter 1 
Introduction of Conjugated Polymers and Polycyclic 
Aromatic Hydrocarbons 
Zhuang Haiyu 
  National University of Singapore 
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1.1 Introduction 
Among various organic materials, conjugated polymers and planar polycyclic 
aromatic hydrocarbons are extensively studied as functional materials in view of 
academic interest and potential device applications due to the processability, 
flexibility of organic synthesis and the unique optical and electronic properties of 
such conjugated molecular systems. Since the discovery of conjugated polymers in 
the 1970s, these remarkable conjugated semiconducting materials have been found to 
be promising advanced functional materials in many applications1,2 such as field 
effect transistors,3 optical and electronic sensors,4,5 light emitting diodes6-9 and solar 
cells.10-12 In the year 2000, Heeger, MacDiarmid, and Shirakawa were awarded Nobel 
Prize for the discovery and development of conductive polymers based on the 
conjugated polyacetylenes.13-15 
The objectives of current project are to develop novel functional materials based 
on conjugated polymers, mainly poly(p-phenylene) (PPP), and the polycyclic 
aromatic hydrocarbon triphenylene via novel approaches. It is important to 
understand the structure-property relationships and physical processes responsible for 
the desired properties in order to design and synthesize novel conjugated materials. 
Therefore, material science and synthesis of PPPs, polythiophenes and triphenylenes 
towards developing functional materials pertaining to this research will be addressed 
in the following sections. 
 
1.2 Basic Electronic Structures of Conjugated Polymers 
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  National University of Singapore 
 3 
Different from organic insulating molecules with σ bonds or limited conjugation, 
polymers with extended pi-conjugation are intrinsic semiconductors. In general, 
conjugated polymers consist of alternating saturated single and unsaturated double 
bonds (or triple bonds) along the polymer backbone. The conducting properties of 
these materials can be explained using band theory.16a The splitting of interacting 
molecular orbitals results in a spatially delocalized band-like electronic structure 
(Figure 1.1). The delocalized pi electrons occupy the pi band (valence band) and the 
orbital at the top of this band is called highest occupied molecular orbital (HOMO) 
while the orbital at bottom of empty antibonding pi* band (conduction band) is called 












Figure 1.1. Schematic representation of the electronic structure of conjugated 
polymers (undoped). The valence band is filled with electrons and the conduction 
band is empty. 
 
The energy difference between HOMO and LUMO, referred as band gap (Eg), is 
small for conjugated materials due to delocalization of electrons and larger than zero 
due to absence of partially filled bands. Such conjugated materials are 
semiconductors in their neutral state. Typically, the energy gap of pi-pi* transitions is 
Zhuang Haiyu 
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mainly controlled by the degree of conjugation in a molecule and in the range of 1.5 – 
3 eV, leading to light absorption or emission in the visible range.16b 
 
1.3 Linear Conjugated Polymers 
1.3.1 Overview of Important Linear Conjugated Polymers 
Figure 1.2 shows the well-known and extensively studied linear conjugated 
polymers, including polyacetylene, polypyrrole (PPy), polythiophenes (PT), 
















X = -(CH=CH)-, NH, S
 
Figure 1.2. The molecular structures of important conjugated polymers. 
 
PPy, PT, PPE and PPP have a rigid one-dimensional conjugated backbone while 
PPV and polyacetylene have a more flexible one-dimensional conjugated backbone. 
Zhuang Haiyu 
  National University of Singapore 
 5 
Polyacetylene is the simplest conjugated polymer and serves as an useful fundamental 
model of other conjugated polymers for theoretical investigation on the conjugated 
polymers’ electronic structures, and for the design guidance of novel conjugated 
polymers.17 Other conjugated polymers including PPy (X = NH), PT (X = S) and PPP 
(X = -(CH=CH)-) can be treated as cis-polyacetylene carbon chains bridged by X 
groups (Figure 1.2). PPV and PPE can also be treated as the carbon chain with 
alternating X group stabilized cis-polyacetylene and other conjugated segments. Due 
to Peierls’ distortion,18 the trans-polyacetylene with infinite chain has a band gap 
around 1.8 eV.19 On the other hand, PPP-type polymers have a band gap around 3.4 
eV20 while polythiophenes have a band gap around 2.20 eV.21 
 
1.3.2 Synthetic Approaches to PPPs and Polythiophenes 
The unsubstituted PPP is not soluble in common solvents. No structurally defined, 
defect-free and high molar weight unsubstituted PPPs were successfully synthesized 
despite the attempts by Kovacic,20 Yamamoto et al.22 via direct route and by ICI 
researchers et al.23 via indirect route (Scheme 1.1). For the direct approach in which 
the monomers have the phenylene rings, the reaction condition is too harsh and 
consequently the coupling reaction is not regiospecific. Although the indirect method 
involving the precursor polymers is superior to the direct approach to form high 
molecular weight PPPs, one serious drawback includes the inevitable presence of 
defects in the final polymer due to the structural irregularity of precursors and the side 
reactions during the final conversion of the precursors to target polymers. 
Zhuang Haiyu 















Scheme 1.1. Synthetic routes to PPP followed by (a) Kovacic,20 (b) Yamamoto22 and 
(c) ICI.23 
 
In order to obtain defect-free, structurally defined and soluble PPPs, a “hairy rod” 
approach24 was pioneered by Schlüter and Wegner in which the solubility of PPP was 
increased by introducing the solubilizing side chains such as alkyl, alkoxy, ester, keto 
and ionic side groups. The functional monomers can be polymerized via 
CC-bond-forming reactions such as Suzuki cross coupling of boronic acid or ester 
with haloaryls,25,26 Yamamoto coupling of haloaryls27 and Stille cross coupling of 
trialkylstannylaryls with haloaryls26 (Scheme 1.2). The Suzuki coupling and 
Yamamoto coupling are the most widely used methods for the synthesis of PPP while 
oxidative coupling method is less used due to the lack of regioselectivity.28,29  
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Scheme 1.2. Some typical examples of the synthetic routes to PPPs: Yamamoto 
coupling route (a);27 Suzuki cross coupling route involving AB-type monomer (b)25 
and AA/BB-type monomers (c);26 Stille coupling route involving AA/BB-type 
monomers (d).26 
 
A large variety of functional PPPs have been prepared by the structural and 
functional variations of the pendant chains.9,24 However, the substituents notably 
decrease the conjugation along the polymer backbone owing to steric hindrance.30 To 
overcome this problem, ladder-type PPPs in which the neighboring phenylene units 
are bridged to form a coplanar arrangement and maximize the pi-conjugation of the 
PPP backbone have been developed.31,32 
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Scheme 1.3. Some typical examples of the ring closure synthetic routes to ladder-type 
PPPs.33-38 
 
As shown in Scheme 1.3, a typical route to ladder-type PPPs starts from a 
single-strand PPP precursor with functional groups which are allowed to undergo ring 
closure reactions between two adjacent benzene rings. Scheme 1.3a shows a two-step 
route to ladder-type PPPs with methylene bridges, reported by Scherf and Müllen33 
while Scheme 1.3b shows a route to imine-bridged PPPs based on a different ring 
closure strategy reported by Tour et al.34,35 By the proper choice of the key 
Zhuang Haiyu 
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ring-forming reactions, ladder-type PPPs with different bridges such as the oligomers 
(Scheme 1.3c)36,37 and the PPPs bridged by sulfide and sulfonio groups (Scheme 






































Scheme 1.4. Some typical examples of the synthetic routes to polythiophenes. (a) 
Yamamoto coupling route;39 (b) Suzuki coupling route involving AB-type 
monomer;40 (c) Stille coupling route involving AA/BB-type monomers41 and (d) 
oxidative coupling route.42 
 
Similar to the synthesis of soluble PPPs, a variety of CC-bond-forming reactions 
such as Suzuki coupling, Yamamoto coupling and Stille cross coupling are also 
applicable for synthesis of polythiophenes (Scheme 1.4). Besides, the polythiophenes 
can also be prepared electrochemically or by chemical oxidation. 
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Figure 1.3. Three different types of connections between two 3-substituted 
polythiophene units. 
 
For 3-substituted polythiophenes, there are three different types of connections 
between the adjacent thiophene units (Figure 1.3). Since the regioregularity has a 
great impact on the physical and electrical properties of the polythiophenes, much 
effort has been done to develop convenient methods for the synthesis of regioregular 
polythiophenes. Beside the Suzuki coupling and Stille coupling routes involving 
AA/BB-type monomers, three important methods, known as the McCullough,43,44 
Rieke45 and GRIM (Grignard metathesis)41 methods, have been developed to obtain 
regioregular polythiophenes with high head-to-tail content. In most cases, 
electrochemical polymerization and oxidative coupling of 3-substituted 
polythiophenes did not offer regioregular products. However, the oxidative 
polymerization of 3-(4-octylphenyl)thiophene42 with ferric chloride, and 
3-(4-alkoxyphenyl)thiophenes46 or 3-(4-alkylphenyl)thiophene47 with vanadium 
acetylacetonate led to regioregular products due to the high spin density at the 
2-position and the steric hindrance between phenyl groups.47 
 
1.3.3 Photophysics of Luminescence in Conjugated Polymers 
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The luminescent properties are very important for applications of conjugated 
polymers in the sensors and OLED devices. The electroluminescence from an organic 
material was first observed and reported in 1963 by Pope et al. using single crystals of 
anthracene48 while the electroluminescence from conjugated polymers was first 
reported in 1990 using PPV as the emissive layer.49 The phenomena of luminescence 
can be explained by the Jablonski diagram50 which shows the excitation and emission 






















Figure 1.4. A Jablonski diagram.50 
 
S0 is the ground electronic state of singlet while S1 and S2 are the first and second 
electronic state of singlet, respectively. Electron in the singlet states has the spin 
opposite to its pair in the ground state. The first triplet state T1 has the spin parallel to 
its pair in the ground state and lower energy than S1. Within each of these electronic 
energy levels, there are a number of vibrational energy levels which are labeled as 0, 
1, 2, etc. and each vibrational energy level consists of many rotational and transitional 
Zhuang Haiyu 
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energy levels. There are various ways of exciting an electron from the ground state to 
a higher electronic state. Within the conjugated polymers, an electron can be excited 
either by absorbing photons or by direct electrical injection or electronic energy 
transfer. And the electronic energy transfer from donor to acceptor includes 
dipole-dipole energy transfer and direct electron exchange. In the process of 
dipole-dipole energy transfer which is also known as Förster energy transfer,51 
electrostatic dipole-dipole interaction is long-range interaction and the critical 
distance (Förster Radius) can be as large as 100 Å, while both spin states of the donor 
and acceptor are conserved. On the other hand, Dexter energy transfer52 which 
describes the process of direct electron exchange is short-range, typically in the order 
of 10 Å, and the total spin of donor and acceptor are conserved in the process. 
Upon excitation, an electron will return to ground state via two ways – radiative 
and non-radiative processes. Due to the internal conversion process, the excited 
molecules in higher virabtional level of S1 or S2 usually undergo rapid non-radiative 
relaxation to the lowest vibrational level of S1. Then the molecules in the S1 state can 
undergo a non-radiative transition to ground state S0 or to the first triplet state T1. The 
latter transition is called intersystem crossing.
 
Both S1 and T1 states can undergo 
radiative transitions to the ground state with emission of light. The light emission 
from S1 is called fluorescence and that from T1 is named as phosphorescence. Because 
the transition from S1 to the singlet ground state is spin-allowed and the transition 
from T1 to the singlet ground state is spin-forbidden, the rate constants for fluorescent 
emission are several orders of magnitude larger than those for phosphorescent 
Zhuang Haiyu 
  National University of Singapore 
 13 
emission. Typically, the lifetimes for fluorescence are near 10 ns53 and those for 
phosphorescence are on the order of milliseconds to seconds.54 
The photophysics of luminescence in conjugated polymers is important for the 
design of sensors. In the fluorescence quenching sensor (turn-off sensor), the analytes 
interact with the receptor sites incorporated in the conjugated polymer to form the 
defects that facilitate the internal conversion of the electron-hole pair (exciton), 
leading to the quenching of fluorescence. The advantage of such conjugated polymer 
sensors over conventional sensors is that even a small number of such defects formed 
on a polymer chain can lead to the global and collective system response of the 
conjugated chain and as a result the signal is amplified.4 In the case of turn-on sensors, 
the binding of receptors and analytes introduces a local minimum in the polymer band 
gap and the emission from the recombination of trapped exciton is red-shifted relative 
to the intrinsic fluorescence of the polymer.55 
On the other hand, the properties of singlet and triplet are important for 
understanding the quantum efficiency of the electroluminescence in OLEDs. In the 
spin-independent process such as direct charge injection, the ratio of triplet and 
singlet states formed is about 3:1 due to the spin-symmetry conservation.56 
Phosphorescent triplet state has a much longer lifetime and undergo a non-radiative 
transition. On the other hand, the lifetime of the fluorescent singlet state is short and 
the singlet is more likely to undergo a rapid radiative decay. As a result, the maximum 
output of luminescence of OLEDs is usually determined by the percentage of the 
occupied singlet state. To improve the efficiency, heavy atoms or phosphorescent 
Zhuang Haiyu 
  National University of Singapore 
 14 
dyes can be incorporated into the system to reduce the lifetimes of triplet state and to 
improve the phosphorescent quantum yield. Furthermore, if the electron-hole binding 
energy is sufficiently weak, the ratio of triplet and singlet is not strictly 3:1 and in 
some case, it can reach 1:1, suggesting that the efficiency of the polymer OLEDs 
could be improved.7 
 
1. 4 Polymeric Systems with Extended pi-Frameworks 
Charge carrier mobilities limited by the interchain charge transfer in conjugated 
polymers are important for device applications such as OLEDs57 and polymer 
transistors.58 As demonstrated by Sirringhaus and coworkers,59 strong stacking of the 
polymers can facilitate 2D interchain charge transport. As a result, it would be an 
advantage of conjugated systems with an extended pi-framework which could 
facilitate the π-π interaction between adjacent chains. Besides, the extended 
pi-framework can also serve as a conjugated pathway for intramolecular interactions. 
 
1.4.1 Cross Conjugated Polymers with the Cruciform Structure 
Cross conjugated systems include a very large variety of molecules.60 In this work, 
we will focus on the cross conjugated PPPs, PPEs and PPVs with the cruciform 
substitution patterns. This type of conjugated polymers comprises one-dimensional 
main chain and cross-conjugated side chains, leading to an extended 2D conjugated 
framework. Some typical cross conjugated PPPs, PPE and PPV are shown in Figure 
1.5. The PPP-type polymer (Figure 1.5a) exhibits two-photon absorption in presence 
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of metal ions.61 Similar to the conventional linear conjugated polymers, the desired 
two-photon absorption properties have been achieved by the introduction of the 
functional side chain. The advantage of the cross conjugated structure is that the 
conjugation between the main chain and side chains endows the polymer a strong 
intramolecular charge transfer character, leading to large fluorescence intensity 
changes and emission peak shift upon interacting with metal ions. Cross conjugated 
PPP-type polyarenes with two-photon absorption properties (Figure 1.5b)62 and 
multifunctional water-soluble PPP-type cross conjugated polymers (Figure 1.5c)63 
have been developed by copolymerization of functional monomers with conjugated 
side chain and other aromatic monomers. Furthermore, the conjugated side chains 
have a great impact on the electronic structure of the polymers owing to the cross 
conjugated structure. As demonstrated by Wilson et al.,64 the band gaps of the 
PPE-type polymer (Figure 1.5d) can be varied from 2.00 ev to 3.5 ev by the proper 
selection of the conjugated side chains. On the other hand, the PPV-type polymer 
(Figure 1.5e),65 exhibited very different fluorescence behavior, owing to that the 
LUMO state of the electron-withdrawing oxadiazole segments is lower than the 
LUMO state of the PPV backbone and as a result, charge transfer excited state 
becomes the lowest-lying excited state in the polymer. 
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Figure 1.5. The molecular structures of some typical cross conjugated PPPs (a-c), 
PPE (d) and PPV (e) with the cruciform structures. 
 
1.4.2 Cross Conjugated Dendrimers 
Cross conjugated dendrimers represent an important group of conjugated 
materials owing to their potential applications in OLED,66 fluorescence sensors67 and 




































Figure 1.6. The molecular structures of typical cross conjugated dendrimers. 
 
The conjugated dendrimers can be synthesized by well-established convergent or 
divergent synthetic methodologies which enable a high degree of control over the 
molecular architecture, leading to the control of material’s properties. One typical 
example is the dendrimer with phenylenevinylene units in the dendritic arms (Figure 
1.6a), reported by Samuel and coworkers.66 They demonstrated that the charge 
transport and intermolecular interaction can be controlled by the generations of the 
dendrimer. Besides, conjugated dendrimers can also serve as the pi-linker for electron 
donor-acceptor pairs. The dendrimer with phenylene-ethynylene segments (Figure 
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1.6b) exhibited nonlinear optical activity with the introduction of electron 
withdrawing groups, owing to the extended conjugation between the electron 
donor-acceptor pairs.68 Müllen’s groups reported a few large polyphenylene 
dendrimers,69 and the dendrimer shown in Figure 1.6c is the second generation 
dendimer while the 22-nm-diameter, monodisperse, stiff macromolecule with 
molecule weight as high as 134 kDa was obtained as the fifth generation dendrimer. 
. 
1.4.3 Cross-Linked Conjugated Polymers 
Figure 1.7(a-c) shows the molecular structures of some typical cross-linked 
conjugated polymers. In the year 2002, Weder’s group reported a cross-linked 
conjugated organometallic polymer (Figure 1.7a) with high charge carrier mobility.70 
They have demonstrated that compared with amorphous films of the linear parent 
polymers, the charge carrier mobility can be improved substantially by the 
introduction of cross-links between the conjugated macromolecules. The polymer 
shown in Figure 1.7b is another type of cross-linked conjugated polymers developed 
by Weder’s group.71,72 Different from the polymer shown in Figure 1.7a, this polymer 
relies on the covalent conjugated cross-links. The optoelectronic properties are similar 
to those of the linear PPE polymer.71 
 
Zhuang Haiyu 








































Figure 1.7. The molecular structures of typical cross-linked conjugated polymers. 
 
The polymer shown in Figure 1.7c, developed by Zhou and coworkers, is another 
type of cross-linked conjugated polymers.73 It is found that the hole mobility of the 
polymer with conjugated bridges is about three orders higher than that of the 
corresponding linear polythiophene and that the solar cell based on the cross-linked 
polymer exhibited much better device performance. The improvement of charge 
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carrier mobility in the polymers indicates that conjugated cross-links can facilitate the 
electronic communication between chains, leading to the enhancement of charge 
carrier mobility. 
 
1.5 Polycyclic Aromatic Hydrocarbons 
The backbone of polycyclic aromatic hydrocarbons (PAHs) has a 2D framework 
of conjugated electrons (Figure 1.8) and can be considered as the subunits of the 
graphene sheet which is a monolayer of carbon packed in a 2D honeycomb lattice.74  
 
 
Figure1.8. Subunits (highlighted) of a graphene sheet. 
 
A variety of small and intermediate size PAHs such as triphenylene and coronene 
are studied for a long time75 while the first large PAHs were successfully synthesized 
by Müllen and coworkers in the past few decades.76 As shown in Scheme 1.5, the 
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synthesis of large benzenoid PAHs is normally achieved by the intramolecular 
cyclodehydrogenation of suitable PAH precursors which are normally oligophenylene 
derivatives. The oxidative cyclodehydrogenation can be achieved by a variety of 
Lewis acid catalysts combined with oxidants or by photochemical reactions. Very 






















Scheme 1.5. Typical synthetic route to large benzenoid PAHs.78,79 
 
Symmetrically substituted triphenylenes can be achieved by oxidative 
trimerization of substituted benzenes.80-82 Unsymmetrically substituted triphenylenes 
can be synthesized by coupling of certain biphenyls and benzene derivatives 
(biphenyl route),83-85 by cyclodehydrogenation of terphenyls86,87 or by starting from 
functional precursors.88,89 Some typical examples are shown in Scheme 1.6. 
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Scheme 1.6. Synthesis of unsymmetrically substituted triphenylenes by (a) biphenyl 
route,90 (b) cyclodehydrogenation of terphenyls86 and (c) starting from functional 
precursors.89 
 
Among the PAH derivatives, the discotic compounds such as 
hexa-peri-hexabenzocoronene (HBC)78,79 and triphenylene derivatives91 with flexible 
peripheral chains are of particular interest. The 2D rigid conjugated core and the 
flexible peripheral chains enable the formation of columnar self-assembly and bring 
the intrinsic anisotropy along the columnar axis. In addition, the supramolecular 
columnar structure is responsible for the charge transport properties which are 
important for device application. In this work, a few triphenylene derivatives were 
designed and synthesized for investigating the structure–property relationship. 
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1.5.1 Self-Assembly of Triphenylene-Based Discotic Compounds and 




















Figure 1.9. Schematic representation of the columnar structures in the 
triphenylene-based discotic compounds (orthogonal, left column; tilted, right column). 
The director is the spatial and temporal average of the long range molecular axis. 
 
The 2, 3, 6, 7, 10 and 11 positions on the triphenylene rings (Figure 1.9) are the 
most common substitution sites. Due to the pi-pi interactions of the polyaromatic core, 
the triphenylene-based discotic conjugated compounds form columnar structures 
(Figure 1.9), with a columnar core and a surrounding region of the attached 
disordered flexible alkyl chains. The director of the discotic core can be parallel or 
have an angle with the axis of the alignment (column axis).92 
Unlike the charge transport in the conjugated polymers which depends on both 
intrachain charge diffusion and interchain charge hopping, the charge mobility of 
discotic conjugated compounds strongly depends on their supramolecular 
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organization. In the columnar structure, the distance between the two neighboring 
core is around 3.5 Å93 and the 2D graphene sheet structure of the core enables 
considerable overlap of pi-orbitals of adjacent molecules in the same column. It has 
been reported that the carrier mobility of hexakis(hexylthio)triphenylene in the helical 
columnar mesophase was found to be as high as 0.1 cm2/Vs.94 In addition, the charge 
migration in columnar structures is inherent quasi-one-dimensional and the charge 
carrier mobility along the column axis has been reported to be much higher than in the 
perpendicular direction.95 Furthermore, many triphenylene derivatives are fluorescent. 
The combination of intensive emission and high charge mobility is optimal for device 
applications. 
 
1.5.2 Liquid Crystalline Properties of Triphenylene Derivatives   
Liquid crystal is a partially ordered intermediate state of a matter, in between 
three-dimensionally ordered solid state crystal and the isotropic liquid. The phases 
between solid and isotropic liquid are called mesophases (liquid crystalline phases). 
The liquid crystalline behavior of triphenylene derivatives is versatile and different 
types of liquid crystals are formed by different triphenylene derivatives. 
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Figure 1.10. Schematic representation of (a) discotic nematic, (b) nematic columnar 
phase, (c) hexagonal columnar phase, (d) rectangular columnar phase, (e) columnar 
oblique phase, (f) columnar plastic phase, (g) helical phase and (h) columnar lamellar 
phase. 
 
Figure 1.10 shows the schematic representation of the different mesophases of 
achiral disc-shaped molecules. As most of the monomeric triphenylene-based liquid 
crystals are disc-shaped, a large variety of liquid crystals have been obtained by the 
proper choice of the number, type and arrangement of the substituents as summarized 
in the two reviews by Kumar.91,96 The mesophases are primarily classified into three 
types: nematic, columnar and lamellar.93 The nematic phase includes discotic nematic 
and nematic columnar phase. In the discotic nematic phase, the normal of the 
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disc-shaped core is more or less parallel to form an average orientation with no 
long-range positional order. In the nematic columnar phase, the columns have only 
long-range orientational order and short-range positional order. On the other hand, in 
columnar phase, the columns form an ordered two-dimensional lattice structure. 
Depending on the symmetry of the column packing, the columnar phase can be 
classified as hexagonal columnar, rectangular columnar and columnar oblique. 
Furthermore, if three-dimensional crystal-like order exists in the hexagonal columnar 
phase while the disc’s rotational freedom around the column axis is retained, it is 
called a columnar plastic phase. If a long-range intracolumn order exists in the 
hexagonal columnar phase, it is called a helical phase.93 
There are triphenylene-based dimers, oligomers or polymers of different shapes 
other than disc-shaped compounds.91 Most of the derivatives formed by connecting 
triphenylene units via soft spacers exhibit the mesophases described above. However, 
if the spacers are rigid, the derivatives such as the dimers with the rigid pi-conjugated 














R= C4H9, C5H11 or C6H13
 
Figure 1.11. Triphenylene dimers with the rigid pi-conjugated diacetylene spacer. 97 
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For the achiral rod-like liquid crystalline compounds,97 the mesophases are mainly 




Figure 1.12. Schematic representation of (a) nematic, (b) smectic A and (c) smectic C 
phases of rod-like liquid crystals. 
 
The nematic phase only has the orientational order. The smectic phase not only 
has the orientational order but also involves the formation of a pronounced layer 
structure which has a one dimensional positional order of the molecules’ center of 
mass. Depending on the ordering and symmetry of the molecules, there are a number 
of subphases for smectic phase such as the variations depicted as SA, SB and SC, etc. 
Among the achiral molecules of other shapes, the banana-shaped liquid crystals, also 
known as bent-core liquid crystals (Figure 1.13), are of special interest due to the 
occurrence of polar order and the associated ferroelectric or anti-ferroelectric 
properties which were only found in the chiral smectic phases before. In principle, 
their unusual properties enable them to be promising materials for practical 
applications in electrooptic devices and nonlinear optics.98 By developing 
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triphenylene-based bent-core liquid crystals, it would provide a favorable combination 











Figure 1.13. Molecular structure of bent-core liquid crystals reported by Niori et al.99 
 
Different mesophases can be distinguished by the optical textures under polarizing 
optical microscopy (POM), together with the X-ray diffraction (XRD) pattern and 
differential scanning calorimetry (DSC) characteristics. POM is the most convenient 
and useful tool. A phase type can be determined by its characteristic textures obtained 
from POM studies while DSC provides information about the phase transition 
temperature and transition order. XRD is useful for the determination of the type of 
the phase through structural evaluation of molecular packing. In addition, during the 
cooling from isotropic melt, different mesophases of an achiral liquid crystal100 appear 
according to following sequence: 
Iso N SmBSmA SmC SmM SmI SmF B J G E K H Cr
 
(Iso, isotropic; N, nematic; SmA, SmC, SmB, SmM, SmI and SmF, different 
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1.6 Scope and Outline of the Thesis 
Our current research interest is focused on the development of novel functional 
materials based on conjugated polymers, mainly poly(p-phenylene) and the 
triphenylene via novel approaches. PPPs are well known for their linear backbone. In 
order to extend the polymer backbone to a 2D framework, a small amount of planar 
trifunctional cross-linker was introduced in the palladium-catalyzed Suzuki coupling 
reaction to cross-link the linear PPP segments to a 2D conjugated network structure as 
presented in Chapter two. These cross-linked polymers were characterized by NMR, 
UV-vis, FL, TGA, IR, EA, GPC etc. and compared with their linear counterparts to 
explore the structure-property relationships. 
Since the properties of conjugated polymers are significantly affected by their 
self-assembly, functional monomers with strong intermolecular interaction would be 
interesting building blocks for novel polymers. In order to control the self-assembly 
of polymers, triphenylene derivatives which are known for their 2D structure and 
inherent strong pi-pi stacking seem to be an ideal option to enlarge the delocalization 
and improve the intermolecular interactions. In Chapter three, a few novel 
polyphenylene copolymers with incorporated triphenylene segments were designed 
and synthesized. These polymers were expected to self-assemble into ordered 
structures and retain the charge transport properties of triphenylene. X-ray diffraction 
studies of polymer films were performed to investigate the packing of the polymers in 
solid state. 
To further explore the idea of triphenylene-based PPP-type materials, the short 
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chain analogues of the polymers described in Chapter three would be interesting 
candidates because they have well defined structures and are likely to exhibit liquid 
crystal properties to form fluorescent liquid crystal materials. In Chapter four, we 
reported these analogues in which two triphenylene units are bridged by pi-spacers and 
related thiophene-incorporated triphenylene derivatives. It is expected that the 
combination of high charge mobility of triphenylene and intensive emission of PPP 
would make these materials suitable for device applications. 
The modification of functional pendant chains is another way of controlling the 
properties of polymers. With the introduction of functional conjugated side chains, it 
would largely delocalize the π-electron in the resulting 2D conjugated structure 
formed by the linear main chain and the conjugated pedant groups while it also would 
endow the polymers with the properties of the functional side chains. In Chapter five, 
we explored the idea of conjugated polymers with functional pendant groups such as 
fluorene or triphenylene. The properties of the polymers were expected to be affected 
significantly by these side chains. 
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Chapter 2 
Synthesis and Characterization of Polyphenylene Based 
Cross-Linked Conjugated Polymers 
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2.1 Introduction 
Polyphenylene-based conjugated polymers have emerged as promising materials 
for sensors,4,101-105 electronic and photonic devices.106-108 As mentioned in the section 
1.3.2 of Chapter 1, soluble poly(p-phenylene)s are known for their “hairy rod” 
structures with one-dimensional backbone and flexible pedant alkyl groups. Majority 
of the studies have focused on the structural and functional variations of the pendant 
chains of PPPs24,109,110 without change of the backbone structures while 
polyphenylenes with a branched or cross-linked backbone structure are not rare in 
literature.111,112 On the other hand, as discussed in the section 1.4.3 of Chapter 1, 
charge carrier mobility which is important for device applications can be significantly 
affected by the network structure of cross-linked conjugated polymers based on PPEs 
and polythiophenes. As the properties of conjugated polymers strongly rely on their 
structures, polyphenylene-based polymers with a cross-linked conjugated network 
were designed and synthesized in order to explore the structure-property relationship. 
Our method is based on a modified procedure for the synthesis of conventional PPPs, 
involving A2/B2-type and C3-type monomers via Suzuki cross coupling route. In 
addition to A2/B2-type monomers, a C3-type monomer requires three reactive sites 
capable of further C-C formation and a planar core so that three attached linear 
segments are in the same plane. 
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+
=   linear PPP type segment of indefinite length
=  cross-linking site
 
Figure 2.1. Schematic representation of cross-linked polyphenylenes formed by 
cross-linking linear segments. 
 
As shown in Figure 2.1, incorporation of a planar C3-type monomer in the 
coupling reaction allows us to cross-link the linear segments to form a 2D network 
structure. Instead of forming the linear segments and connecting them in separated 
steps, a more simplified one-pot method was developed. By using a small amount of 
C3-type monomer (cross-linker) together with the A2/B2-type monomers in the 
coupling reaction, it is expected that a cross-linked polymer would be generated with 
enhanced charge carrier motilities and the linear segments should be long enough to 
maintain the required properties for device fabrication. Both 1,2,4-tribromobenzene 
and 1,3,5-tribromobenzene with two sets of different branching points were used as 
C3-type cross-linkers to form the cross-linked conjugated polyphenylenes. Under the 
optimum reaction conditions, high molecular weight cross-linked conjugated 
polymers (Scheme 2.1) were obtained. 
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Scheme 2.1. Molecular structures of polymer series 1 (P1–P6) and series 2 (P7–P12) 
( R1= C12H25) 









































P7:     R4 = Bn 
P10:   R4
 
= H
P2: R3= C12H25, R2=R4 = Bn 
P5: R3= C12H25, R2=R4= H
P8: R2= C12H25, R3= (CH2CH2O)3H, R4= Bn 
P11: R2= C12H25, R3= (CH2CH2O)3H,  R4= H
P3: R3= C12H25, R2=R4 = Bn 
P6: R3= C12H25, R2=R4= H
P9: R2= C12H25, R3= (CH2CH2O)3H,  R4= Bn 




2.2 Results and Discussion 
Synthesis of Polymers. The general synthetic route to the polymers P1–P6 and 
P7–P12 is outlined in Scheme 2.2 and Scheme 2.3, respectively. In the first series 
(P1–P6), 2,5-dibromo-1-benzyloxy-4-dodecyloxybenzene (4) and 1-benzyloxy-4- 
dodecyloxyphenyl-2,5-bis(boronic acid) (5) were synthesized from hydroquinone 
using a reported procedure.113 The benzylated precursor polymers were synthesized 
by Suzuki polycondensation and polymerization was carried out under inert 
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atmosphere using diboronic acids and dibromomonomers along with a small amount 
of tribromo compounds in the biphasic medium of organic solvent (THF, nitrobenzene 
etc.) and 2 M K2CO3 solution with tetrakis(triphenylphosphine)palladium as catalyst 
under vigorous stirring for 4 days. As shown in Scheme 2.2, the stoichiometrically 
balanced molar ratio of dibromomonomer, diboronic acid and tribromobenzene was 
kept as (1–x):(1+ 0.5x):x. For clarity, these cross-linked conjugated polymers are 
named as P2-01T, P2-02N, P2-02T, P3-01N, P3-01T and P3-02N, respectively, 
according to the ratio of tribromobenzene (01 for x = 0.1 and 02 for x = 0.2) and 
solvent (N for nitrobenzene and T for tetrahydrofuran) used in the reactions. In 
addition, Bu4NBr was used as phase transfer agent to improve the solubility and 
facilitate the reaction. 
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P1  :       x=0
P2-01T:  x=0.1, THF/H2O as the reaction solvent
P2-01N: x=0.1,  nitrobenzene/H2O as the reaction solvent




















P3-01T:  x=0.1, THF/H2O as the reaction solvent
P3-01N: x=0.1,  nitrobenzene/H2O as the reaction solvent







(i) Br2 in gl AcOH; (ii) NaOH in abs EtOH, C12H25Br, 60 °C for 10 h; (iii) anhydrous 
Na2CO3 in 2-butanone, BnBr, 80 °C for 10 h; (iv) BuLi in hexanes (1.6 M), THF at 
-78 °C, B(OiPr)3, water stirred at RT for 10 h; (v) 5 mol % Pd(PPh3)4, Bu4NBr, 2 M 
K2CO3 solution combined with toluene, THF or nitrobenzene, stirred for 4 days; (vi) 
H2, 10% Pd/C, abs EtOH/THF. 
 
In the synthesis of the second polymer series (P7–P12), alkylation of compound 2 
with dodecylbromide in presence of NaOH/EtOH gave compound 8 which was 
further converted to the diboronic acid 11.113-115 Monobenzylation of compound 2 was 
carried out at 40 °C in absolute ethanol for 3 h and kept at room temperature for 
another 12 hours using 1.0 equiv. of dibromohydroquinone and 0.9 equiv. of benzyl 
bromide in the presence of 1.5 equiv. of sodium hydroxide. The crude product was 
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purified using column chromatography over silica gel with a solvent mixture 
(hexanes:CH2Cl2, 3:2) as eluent. The compound 10 with oligo(ethylene oxide) side 
chain116-121 was obtained in DMF using 1.0 equiv. of compound 9, 1.1 equiv. of 
2-(2-(2-chloroethoxy)ethoxy)ethanol and 1.5 equiv. of potassium hydroxide. After the 
removal of DMF under reduced pressure, the crude product was purified using 
column chromatography with a solvent mixture (ethyl acetate:hexanes, 5:1) as eluent. 
As shown in the Scheme 2.3, the polymerization was carried out under similar 
conditions for the synthesis of P2-01T and THF was used as the organic solvent. For 
clarity, the cross-linked conjugated polymers are named as P8-01, P8-02, P9-01 and 
P9-02, respectively, according to the ratio of tribromobenzene (01 for x = 0.1 and 02 
for x = 0.2) used in the reactions. In both series, the debenzylation of polymers (P1, 
P2-01T, P3-01N, P7, P8-01 and P9-01) was done under a positive pressure of 
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Br2 in gl AcOH
NaOH in abs EtOH, 
C12H25Br, 50 °C for 10 h
1. BuLi, THF at -78 °C,
2. B(OiPr)3, 


























P7:          x=0
P8-01:     x=0.1
P8-02 :    x=0.2
With 7 instead of 6
P9-01:     x=0.1
P9-02:     x=0.2
P7/P8-01/P9-01 respectively
With 6,
abs EtOH, 40 °C
 
 
Characterization of Polymers. All polymers were soluble in common organic 
solvents such as THF, chloroform and dichloromethane (DCM). Molecular weight of 
fractionated polymers was determined by gel permeation chromatography (GPC) with 
polystyrene as standard and THF as eluent (Table 2.1). However, it was reported that 
GPC results for rigid rod polymers using polystyrene standards were not completely 
reliable122,123 and could underestimate the true molecular weight of branched rigid 
polymers.124 The molecular weights of the polymers P5, P6, P10, P11, and P12 were 
not determined by GPC because the polymers were strongly adsorbed on the GPC 
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column and only the molecular weights of their precursors were measured.  
 
Table 2.1. Molecular Weight, Polydisperisty Index (PDI) of Polymer Series 1 (P1–P3) 
and Series 2 (P7–P9) 
Polymer Organic 
solvent T/°C Mn Mw Mw/Mn 
P1 Toluene 85 5 200 5 800 1.12 
P2-01T THF reflux 143 400 175 400 1.22 
P2-01N nitrobenzene 95 22 400 59 100 2.64 
P2-02T THF reflux 8 200 22 700 2.77 
P3-01T THF reflux 7 800 19 600 2.51 
P3-01N nitrobenzene 95 44 600 71 400 1.60 
P3-02N nitrobenzene 95 3 800 7 000 1.84 
P7 THF reflux 14 600 31 800 2.18 
P8-01 THF reflux 105 300 125 600 1.19 
P8-02 THF reflux 13 200 29 500 2.23 
P9-01 THF reflux 71 000 72 900 1.03 
P9-02* 







*Numbers in parentheses correspond to the values of the second peak. 
 
In the first series (P1–P6), the molecular weights of polymers varied significantly 
when different organic solvents and reaction conditions were used. With the presence 
of a small amount of 1,2,4-tribromobenzene (x = 0.1), polymer P2-01T (Mn = 143 
kDa) synthesized in THF showed much higher molecular weight than that of P2-01N 
obtained from nitrobenzene. On the other hand, in nitrobenzene a small amount of 
1,3,5-tribromobenzene (x = 0.1) led to the high molecular weight for P3-01N (Mn = 
44 kDa). This may be due to the combined effects of temperature and solubility.111 
When the amount of tribromobenzene was increased, the molecular weight decreased 
and the polydisperisty index (PDI, Mw/Mn) increased under the same reaction 
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conditions. Unlike the reported synthesis of high molecular weight polyphenylenes in 
which freshly prepared Pd catalyst was used,125,126 only commercially available 
catalyst Pd(PPh3)4 and Bu4NBr were used in our synthesis. 
In the second series (P7–P12), all polymerizations were carried out under same 
reaction conditions with THF and 2 M K2CO3 solution as the solvent. P7 and P10 are 
new rod-like copolymers with linear backbone and free hydroxyl groups. With a small 
amount of tribromobenzene (x = 0.1), the two polymers P8-01 (Mn = 105 kDa) and 
P9-01 (Mn = 71 kDa) showed much higher molecular weight than that of P7 (Table 
2.1), which indicates that the 1,2,4-tribromobenzene and 1,3,5-tribromobenzene have 
been efficiently incorporated into the corresponding polymers. However, when the 
ratio of tribromobenzene was increased to x = 0.2, P8-02 had relatively low molecular 
weight while P9-02 showed a bimodal distribution of molecular weight. At the same 
time, the yields of soluble P8-02 and P9-02 were low owing to the formation of 
insoluble residue. It implies that the tribromobenzene may not be as reactive as the 
dibromomonomer due to steric effects. Similar to the polymers P1–P3, only a small 
amount of tribromobenzene can be efficiently incorporated into the structure to obtain 
high molecular weight polymers. The method developed here could be an effective 
way of modifying linear polymers to high molecular weight cross-linked conjugated 
polymers while maintaining their desired properties. 
Thermal Properties. Thermal properties of these polymers were investigated 
using thermogravimetric analysis (TGA) with a heating rate of 10 °C/min under 
nitrogen atmosphere. Due to the low degree of cross-links, all cross-linked polymers 
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showed TGA curves similar to their corresponding linear counterparts (P1, P4, P7 and 
P10). A few TGA curves (P2-01T, P5, P7 and P10) are shown in Figure 2.2. 
Polymers P2-01T and P3-01N showed the onset decomposition temperatures (Td) 
around 285 °C. In comparison to P2-01T and P3-01N, the polymers P5 and P6 
showed higher Td around 370 °C due to the removal of the relatively less thermally 
stable benzyl groups. On the other hand, P7, P8-01, and P9-01 with oligo(ethylene 
oxide) side chain showed thermal stability with the Td around 300 °C although they 
have the free hydroxyl group on the pendant group. Since the benzyl group is 
thermally less stable than the alkyl and oligo(ethylene oxide) side chains, the 
debenzylated polymers P10, P11 and P12 exhibited higher Td (around 370 °C) than 
those of P7, P8-01, and P9-01.  


























Figure 2.2. TGA curves of P2-01T, P5, P7 and P10 with a heating rate of 10 °C/min. 
 
Optical Properties of Polymers. Optical properties of all polymers were studied 
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using THF solution at room temperature. Absorption, emission maxima and band gaps 
in THF solution are summarized in Table 2.2. 
 
Table 2.2. Absorption, Emission Maxima and Band Gap of Polymers in THF Solution 
Polymer P4 P5 P6 P7 P8-01 P9-01 P10 P11 P12 
λabs (nm) 344 344 342 335 335 333 340 339 337 
λem (nm) 401 402 401 397 398 396 399 399 399 
Eg * (ev) 3.13 3.22 3.24 3.30 3.25 3.26 3.26 3.25 3.25 
*Estimated from the onset wavelengths of solution UV–vis spectra. 
 
In the first series (P1–P6), no significant variations of absorption and emission 
spectra were observed for P4, P5 and P6. Their absorption and emission spectra 
showed maxima at around 345 nm and 400 nm, respectively (Figure 2.3), although the 
molecular weights of their precursors were quite different and they have different 
cross-linking structures. 
In the second series (P7–P12), the polymers showed very similar absorption and 
emission spectra. The debenzylated polymers (P10–P12) with free phenolic hydroxyl 
groups have a red shift about 5 nm in their absorption maxima in comparison to those 
of their precursors (P7, P8-01 and P9-01) while all polymers (P7–P12) in the second 
series showed similar emission maxima. This indicates that a low degree of 
cross-links did not change the optical properties of the target polymers although it did 
improve the molecular weight significantly. 
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Figure 2.3. Absorption and emission spectra (excited at the wavelength of 
corresponding maximum absorption) of P5, P7 and P10 in THF. The concentration of 
the polymer was 28 mg/L, 32 mg /L, and 28 mg/L, respectively. 
 
2.3 Conclusions 
Two series of cross-linked conjugated polyphenylenes were synthesized with high 
molecular weight using palladium-catalyzed Suzuki coupling reaction between 
dibromomonomer and diboronic acid along with 1,2,4-tribromobenzene or 
1,3,5-tribromobenzene as the cross-linker. All polymers showed good solubility in 
common organic solvents. The optical properties of the cross-linked polymers were 
similar to linear polymer chains, which indicate that a low degree of cross-links does 
not alter the optical properties. This new synthetic method may be useful to the 
modification of many linear polymers synthesized using palladium-catalyzed Suzuki 
coupling reaction. 
 
2.4 Experimental Section 
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Materials. All reagents were purchased from Aldrich, Fluka or Merck and were 
used without further purification unless otherwise stated. All reactions were carried 
out with dry, freshly distilled organic solvents in an inert atmosphere. Tetrahydrofuran 
(THF) was distilled over sodium under nitrogen atmosphere. 
Instrumentation. The 1H and 13C NMR spectra were collected on a Bruker ACF 
300 spectrometer operating at 300 MHz and 75.47 MHz, respectively. 
Thermogravimetric analyses (TGA) were done using TA Instruments SDT 2960 with 
a heating rate of 10 °C/min under nitrogen atmosphere. Gel permeation 
chromatography (GPC) was used to obtain the molecular weight of polymers with 
polystyrene as standard and THF as eluent. Absorption and emission spectra of 
polymers were obtained using a Shimadzu 3101PC spectrophotometer and 
RF-5301PC spectrofluorophotometer, respectively. IR spectra were recorded using a 
BIORAD FT-IR spectrophotometer. MS spectra were obtained using a Finnigan TSQ 
7000 spectrometer. Elemental analyses were performed using a Perkin-Elmer CHNS 
autoanalyzer. 
Synthesis. 2,5-Dibromohydroquinone (2),127 2,5-dibromo-1-benzyloxy-4- 
dodecyloxybenzene (4), 1-benzyloxy-4-dodecyloxyphenyl-2,5-bis(boronic acid) 
(5),113 P1, P4,113 2,5-dibromo-1,4-didodecyloxybenzene (8),25 
2,5-dibromo-4-benzyloxyphenol (9)128 and  1,4-didodecyloxyphenyl-2,5-bis(boronic 
acid) (11)113-115 were synthesized using the reported procedures. 
General procedure for polymerization in THF. Dibromomonomer and 
diboronic acid along with/without tribromobenzene were mixed with 2 M K2CO3 
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solution and THF. After the addition of tetrakis(triphenylphosphine)palladium(0) as 
catalyst and Bu4NBr as phase transfer agent, the mixture was deoxygenated by 
bubbling nitrogen for 15 min and then stirred vigorously for 4 days at reflux 
temperature under nitrogen atmosphere. The reaction mixture was cooled to room 
temperature, extracted with dichloromethane, washed with water, dried over 
anhydrous Na2SO4, filtered, and excess solvent was removed under reduced pressure. 
The polymer dissolved in a small amount of dichloromethane was precipitated from a 
large excess of methanol, and precipitation was repeated a few times to remove 
impurities. 
Polymer P2-01T. Compound 4 (1.00 g, 1.9 mmol), diboronic acid 5 (1.01 g, 2.22 
mmol), 1,2,4-tribromobenzene 6 (0.066 g, 0.21 mmol), tetrakis(triphenylphosphine)- 
palladium(0) (0.122 g, 5 mol %), 2 M K2CO3 solution (100 mL), THF (70 mL) and 
Bu4NBr (1 g) were reacted using the general procedure given above to get P2-01T as 
yellow solid in 72% (1.1 g) yield. 1H NMR (CDCl3, δ ppm): 7.22 (b, Ar-H), 5.00 (b, 
-OCH2-), 4.93 (b, -OCH2-), 3.87 (b, -OCH2-), 1.56 (b, -CH2-), 1.23 (b, -CH2-), 0.86 (b, 
-CH3). 13C NMR (CDCl3, δ ppm): 150.6, 149.7, 137.8, 128.1, 127.1, 118.3, 117.0, 
71.7, 69.4, 31.8, 29.6, 26.0, 22.6, 14.0. Elemental analysis calcd. for C49.35H66.6O3.9: C, 
82.07; H, 9.29. Found: C, 82.09; H, 9.28. FT-IR (KBr, cm-1): 3063, 3033, 2925, 2853, 
1606, 1487, 1464, 1373, 1200, 1026, 860, 785, 733, 695. 
Polymer P2-02T. Compound 4 (1.00 g, 1.9 mmol), diboronic acid 5 (1.19 g, 2.61 
mmol), 1,2,4-tribromobenzene 6 (0.149 g, 0.47 mmol), tetrakis(triphenylphosphine)- 
palladium(0) (0.137 g, 5 mol %), 2 M K2CO3  solution (100 mL), THF (70 mL) and 
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Bu4NBr (1.0 g) were reacted using the general procedure given above to get P2-02T 
in 65% (1.0 g) yield. 1H NMR (CDCl3, δ ppm): 7.23 (b, Ar-H), 5.02 (b, -OCH2-), 4.95 
(b, -OCH2-), 3.88 (b, -OCH2-), 1.64 (b, -CH2-), 1.24 (b, -CH2-), 0.88 (b, -CH3). 
Elemental analysis calcd. for C48.7H65.2O3.8: C, 82.22; H, 9.24. Found: C, 80.48; H, 
9.47. FT-IR (KBr, cm-1): 3062, 3031, 2923, 2853, 1606, 1486, 1464, 1373, 1201, 1027, 
905, 860, 791, 734, 696, 599. 
Polymer P3-01T. Compound 4 (1.00 g, 1.9 mmol), diboronic acid 5 (1.01 g, 2.22 
mmol), 1,3,5-tribromobenzene 7 (0.066 g, 0.21 mmol), tetrakis(triphenylphosphine)- 
palladium(0) (0.122 g, 5 mol %), 2 M K2CO3  solution (100 mL), THF (75 mL) and 
Bu4NBr (1.0 g) were reacted using the general procedure given above to get the 
polymer P3-01T in 85% (1.3 g) yield. 1H NMR (CDCl3, δ ppm): 7.22 (b, Ar-H), 4.95 
(b, -OCH2-), 3.86 (b, -OCH2-), 1.78 (b, -CH2-), 1.56 (b, -CH2-), 1.22 (b, -CH2-), 0.88 
(b, -CH3). Elemental analysis calcd. for C49.35H66.6O3.9: C, 82.07; H, 9.29. Found: C, 
80.89; H, 11.27. FT-IR (KBr, cm-1): 3062, 3032, 2924, 2853, 1742, 1595, 1488, 1462, 
1373, 1202, 1026, 863, 787, 733, 696, 600. 
General procedure for polymerization in nitrobenzene. Dibromomonomer, 
diboronic acid and 1,2,4-tribromobenzene 6 (or 1,3,5-tribromobenezne 7) were mixed 
with 2 M K2CO3 solution and nitrobenzene. After the addition of 
tetrakis(triphenylphosphine)palladium(0) and Bu4NBr, the mixture was deoxygenated 
by bubbling nitrogen for 15 min, stirred vigorously at 95 °C under nitrogen 
atmosphere for 4 days, cooled to room temperature, extracted with dichloromethane, 
washed with water extensively, dried over anhydrous Na2SO4, filtered and excess 
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solvent was removed under reduced pressure. Polymer dissolved in a small amount of 
dichloromethane was precipitated from a large excess of methanol multiple times to 
remove impurities. 
Polymer P2-01N. Compound 4 (0.50 g, 0.95 mmol), diboronic acid 5 (0.51 g, 1.1 
mmol), 1,2,4-tribromobenzene 6 (0.033 g, 0.1 mmol), tetrakis(triphenylphosphine)- 
palladium(0) (0.061 g, 5 mol %), 2 M K2CO3 solution (20 mL), nitrobenzene (15 mL) 
and Bu4NBr (0.50 g) were reacted using the general procedure given above to get 
P2-01N in 67% (0.51 g) yield. 1H NMR (CDCl3, δ ppm): 7.22 (b, Ar-H), 5.00 (b, 
-OCH2-), 4.93 (b, -OCH2-), 3.86 (b, -OCH2-), 1.63 (b, -CH2-), 1.53 (b, -CH2-), 1.23 (b, 
-CH2-), 0.86 (b, -CH3). Elemental analysis calcd. for C49.35H66.6O3.9: C, 82.07; H, 9.29. 
Found: C, 79.77; H, 8.90. FT-IR (KBr, cm-1): 3062, 3031, 2923, 2853, 1739, 1606, 
1487, 1464, 1375, 1202, 1027, 907, 860, 787, 733, 696, 502. 
Polymer P3-01N. Compound 4 (0.50 g, 0.95 mmol), diboronic acid 5 (0.51 g, 1.1 
mmol), 1,3,5-tribromobenzene 7 (0.033 g, 0.1 mmol), tetrakis(triphenylphosphine)- 
palladium(0) (0.061 g, 5 mol %), 2 M K2CO3 solution (20 mL), nitrobenzene (15 mL) 
and Bu4NBr (0.50 g) were reacted using the general procedure given above to get 
P3-01N in 46% (0.35 g) yield. 1H NMR (CDCl3, δ ppm): 7.22 (b, Ar-H), 5.00 (b, 
-OCH2-), 4.93 (b, -OCH2-), 3.89 (b, -OCH2-), 1.65 (b, -CH2-), 1.54 (b, -CH2-), 1.23 (b, 
-CH2-), 0.86 (b, -CH3). 13C NMR (CDCl3, δ ppm): 150.6, 149.8, 137.8, 128.0, 127.1, 
118.1, 117.0, 71.6, 69.4, 31.8, 29.6, 26.0, 22.6, 14.0. Elemental analysis calcd. for 
C49.35H66.6O3.9: C, 82.07; H, 9.29. Found: C, 81.99; H, 9.28. FT-IR (KBr, cm-1): 3062, 
3036, 2924, 2854, 1619, 1488, 1464, 1373, 1201, 1027, 860, 794, 734, 696. 
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Polymer P3-02N. Compound 4 (0.90 g, 1.71 mmol), diboronic acid 5 (1.07 g, 
2.35 mmol), 1,3,5-tribromobenzene 7 (0.135 g, 0.43 mmol), 
tetrakis(triphenylphosphine)- palladium(0) (0.124 g, 5 mol %), 2 M K2CO3 solution 
(50 mL), nitrobenzene (30 mL) and Bu4NBr (1.0 g) were reacted using the general 
procedure given above to get P3-02N in 45% (0.63 g) yield. 1H NMR (CDCl3, δ ppm): 
7.24 (b, Ar-H), 4.95 (b, -OCH2-), 3.88 (b, -OCH2-), 1.80 (b, -CH2-), 1.64 (b, -CH2-), 
1.24 (b, -CH2-), 0.90 (b, -CH3). Elemental analysis calcd. for C48.7H65.2O3.8: C, 82.22; 
H, 9.24. Found: C, 79.55; H, 9.77. FT-IR (KBr, cm-1): 3063, 3033, 2924, 2853, 1593, 
1488, 1462, 1375, 1258, 1202, 1027, 860, 800, 734, 696, 601. 
General procedure for the deprotection of benzyloxy group in the polymers to 
hydroxyl group. The precursor polymer was dissolved in an equal volume mixture of 
dry THF and absolute ethanol at room temperature. 10% Pd/C and a few drops of 
concentrated hydrochloric acid were added to the solution. The reaction flask was 
flushed with nitrogen gas to remove traces of oxygen. The deprotection was carried 
out at room temperature under positive pressure of hydrogen for one week with 
constant stirring. Then the reaction mixture was filtered through Celite powder and 
washed with dichloromethane. The combined filtrate and washings were concentrated 
and polymer was precipitated from large excess of methanol, and washed with 
methanol to yield the desired polymer. 
Polymer P5. Precursor P2-01T (0.50 g), dry THF (20 mL), abs EtOH (20 mL), 
10% Pd/C (1.2 g) and 2 drops of concentrated hydrochloric acid were reacted using 
the general procedure given above to get the product P5 in 48% yield. 1H NMR 
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(CDCl3, δ ppm): 7.09 (b, Ar-H), 6.97 (b, Ar-H), 4.04 (b, -OCH2-), 3.94 (b, -OCH2-), 
1.77 (b, -CH2-), 1.58 (b, -CH2-), 1.25 (b, -CH2-), 0.86 (b, -CH3). Elemental analysis 
calcd. for C35.7H54.9O3.9: C, 78.46; H, 10.12. Found: C, 78.89; H, 10.00. FT-IR (KBr, 
cm-1): 3428, 2924, 2853, 2364, 1628, 1487, 1468, 1409, 1320, 1199, 1118, 1043, 879, 
802, 720. 
Polymer P6. Precursor P3-01N (0.30 g), dry THF (15 mL), abs EtOH (15 mL), 
10% Pd/C (1.0 g) and 2 drops of concentrated hydrochloric acid were reacted using 
the general procedure given above to get the product P6 in 49% yield. 1H NMR 
(CDCl3, δ ppm): 7.10 (b, Ar-H), 6.96 (b, Ar-H), 4.06 (b, -OCH2-), 3.93 (b, -OCH2-), 
1.78 (b, -CH2-), 1.53 (b, -CH2-), 1.25 (b, -CH2-), 0.87 (b, -CH3). Elemental analysis 
calcd. for C35.7H54.9O3.9: C, 78.46; H, 10.12. Found: C, 78.47; H, 9.97. FT-IR (KBr, 
cm-1): 3434, 2926, 2853, 2361, 2344, 1618, 1593, 1488, 1468, 1417, 1328, 1198, 1028, 
878, 803, 721. 
2,5-Dibromo-1-benzyloxy-4-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)benzene 
(10). A solution of  2-(2-(2-chloroethoxy)ethoxy)ethanol (3.11 g, 18.4 mmol) in 
anhydrous dimethylformamide (DMF, 5 mL) was added to the solution of 
5-dibromo-4-benzyloxyphenol 9 (6.00 g, 16.8 mmol) and K2CO3 (3.74 g, 25.2 mmol) 
in anhydrous DMF (15 mL) in a period of 30 minutes at 100 °C under nitrogen 
atmosphere and stirred for 40 h. The reaction mixture was cooled to room temperature 
and filtered. Dichloromethane (50 mL) was added to the filtrate. The filtrate was 
washed with 2 M HCl (aq., 50 mL) and water. The aqueous layer was extracted with 
dichloromethane (50 mL). The combined organic layer was concentrated under 
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reduced pressure. The crude product was purified using column chromatography over 
silica gel with a solvent mixture (ethyl acetate:hexane, 5:1) as eluent to afford the 
yellow oil in 80% yield. 1H NMR (CDCl3, δ ppm): 7.49 (m, 5H, Ar-H), 7.22 (s, 1H, 
Ar-H), 7.19 (s, 1H, Ar-H), 5.11 (s, 2H, -OCH2-), 4.18 (t, J = 5 Hz, 2H, -OCH2-), 3.92 
(t, J = 5 Hz, 2H, -OCH2-), 3.76 (m, 6H, -OCH2-), 3.66 (t, J = 4 Hz, 2H, -OCH2-), 2.40 
(s, 1H, -OH). 13C NMR (CDCl3, δ ppm): 150.2, 145.0, 136.1, 128.6, 128.1, 127.2, 
119.2, 119.1, 111.5, 111.3, 72.5, 71.9, 71.1, 70.5, 70.1, 69.5, 61.8. Elemental analysis 
calcd. for C19H22Br2O5: C, 46.55; H, 4.52; Br, 32.60. Found: C, 46.26; H, 4.32; Br, 
31.60. MS (ESI): m/z: 490, 480, 446, 411, 356. 
Polymer P7. Compound 10 (0.80 g, 1.63 mmol), diboronic acid 11 (0.87 g, 1.63 
mmol), tetrakis(triphenylphosphine)palladium(0) (0.118 g, 5 mol %), 2 M K2CO3 
solution (100 mL), THF (70 mL),  and Bu4NBr (1 g) were reacted using the general 
procedure given above to yield P7 (0.78 g, 62%). 1H NMR (CDCl3, δ ppm): 7.34 (b, 
5H, Ar-H), 7.17 (b, 3H, Ar-H), 7.08 (b, 1H, Ar-H), 5.09 (b, 2H, -OCH2-Ar), 4.16 (b, 
2H, -OCH2-), 3.90 (b, 4H, -OCH2-), 3.82-3.56 (b, 10H, -OCH2-), 3.10-2.60 (m, 1H, 
-OH), 1.70 (b, 8H, -CH2-), 1.27 (b, 32H, -CH2-), 0.91 (b, 6H, -CH3). 13C NMR 
(CDCl3, δ ppm): 150.1, 137.8, 128.1, 127.0, 117.0, 70.8, 70.2, 69.6, 61.6, 31.9, 29.6, 
29.3, 26.0, 22.6, 14.0. Elemental analysis calcd. for C49H74O7: C, 75.93; H, 9.62. 
Found: C, 75.67; H, 9.67. FT-IR (KBr, cm-1): 3443, 2925, 2854, 2366, 1630, 1466, 
1348, 1210, 1125, 1060, 732, 697. 
Polymer P8-01. Compound 10 (0.90 g, 1.84 mmol), diboronic acid 11 (1.14 g, 
2.14 mmol), 1,2,4-tribromobenzene 6 (0.064 g, 0.2 mmol), tetrakis- 
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(triphenylphosphine)palladium(0) (0.118 g, 5 mol %), 2 M K2CO3 solution (100 mL), 
THF (70 mL) and Bu4NBr (1.0 g) were reacted using the general procedure given 
above to yield P8-01 (1.14 g, 72%). 1H NMR (CDCl3, δ ppm): 7.33 (b, Ar-H), 7.16 (b, 
Ar-H), 7.08 (b, Ar-H), 5.09 (b, -OCH2-Ar), 4.16 (b, -OCH2-), 3.89 (b, -OCH2-), 
3.82-3.55 (b, -OCH2-), 3.13-2.60 (m, -OH), 1.66 (b, -CH2-), 1.28 (b, -CH2-), 0.91 (b, 
-CH3). 13C NMR (CDCl3, δ ppm): 150.2, 137.8, 128.1, 127.0, 117.6, 117.1, 72.4, 71.6, 
70.8, 70.3, 69.6, 31.8, 29.6, 29.5, 26.1, 22.6, 14.0. Elemental analysis calcd. for 
C49.2H74.7O6.6: C, 76.56; H, 9.75. Found: C, 76.66; H, 9.39.  FT-IR (KBr, cm-1): 3451, 
2924, 2854, 2360, 1631, 1466, 1375, 1207, 1125, 1061, 865, 783, 733, 696. 
Polymer P8-02. Compound 10 (0.80 g, 1.63 mmol), diboronic acid 11 (1.20 g, 
2.24 mmol), 1,2,4-tribromobenzene 6 (0.128 g, 0.41 mmol), tetrakis- 
(triphenylphosphine)palladium(0) (0.118 g, 5 mol %), 2 M K2CO3 solution (100 mL), 
THF (70 mL) and Bu4NBr (1.0 g) were reacted using the general procedure given 
above to yield P8-02 (30%). 1H NMR (CDCl3, δ ppm): 7.33 (b, Ar-H), 7.16 (b, Ar-H), 
7.08 (b, Ar-H), 5.08 (b, -OCH2-Ar), 4.15 (b, -OCH2-), 3.89 (b, -OCH2-), 3.76-3.55 (b, 
-OCH2-), 3.14-2.66 (m, -OH), 1.72 (b, -CH2-), 1.27 (b, -CH2-), 0.91 (b, -CH3). 
Elemental analysis calcd. for C49.4H75.4O6.2: C, 77.20; H, 9.89. Found: C, 76.89; H, 
9.52. FT-IR (KBr, cm-1): 3442, 2925, 2854, 2361, 1631, 1489, 1464, 1375, 1252, 1207, 
1126, 1062, 868, 731, 699. 
Polymer P9-01. Compound 10 (0.90 g, 1.84 mmol), diboronic acid 11 (1.14 g, 
2.14 mmol), 1,3,5-tribromobenzene 7 (0.064 g, 0.2 mmol), tetrakis- 
(triphenylphosphine)palladium(0) (0.118 g, 5 mol %), 2 M K2CO3 solution (100 mL), 
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THF (100 mL) and Bu4NBr (1.0 g) were reacted using the general procedure given 
above to yield P9-01 (0.85 g, 54%). 1H NMR (CDCl3, δ ppm): 7.33 (b, Ar-H), 7.16 (b, 
Ar-H), 7.08 (b, Ar-H), 5.08 (b, -OCH2-Ar), 4.15 (b, -OCH2-), 3.89 (b, -OCH2-), 
3.77-3.55 (b, -OCH2-), 3.22-2.73 (m, -OH), 1.71 (b, -CH2-), 1.27 (b, -CH2-), 0.91 (b, 
-CH3). 13C NMR (CDCl3, δ ppm): 150.2, 137.8, 128.1, 127.0, 72.6, 71.6, 70.8, 70.3, 
69.6, 31.8, 29.6, 29.3, 26.1, 22.6, 14.0. Elemental analysis calcd. for C49.2H74.7O6.6: C, 
76.56; H, 9.75. Found: C, 76.24; H, 9.73. FT-IR (KBr, cm-1): 3469, 2925, 2854, 1635, 
1488, 1466, 1378, 1255, 1208, 1124, 1062, 864, 734, 696. 
Polymer P9-02. Compound 10 (0.80 g, 1.63 mmol), diboronic acid 11 (1.20 g, 
2.24 mmol), 1,3,5-tribromobenzene 7 (0.128 g, 0.41 mmol), tetrakis- 
(triphenylphosphine)palladium(0) (0.118 g, 5 mol %), 2 M K2CO3 solution (100 mL), 
THF (70 mL) and Bu4NBr (1.0 g) were reacted using the general procedure given 
above to yield P9-02 (20%). 1H NMR (CDCl3, δ ppm): 7.33 (b, Ar-H), 7.16 (b, Ar-H), 
7.08 (b, Ar-H), 5.08 (b, -OCH2-Ar), 4.15 (b, -OCH2-), 3.89 (b, -OCH2-), 3.77-3.55 (b, 
-OCH2-), 3.18-2.70 (m, -OH), 1.68 (b, -CH2-), 1.27 (b, -CH2-), 0.91 (b, -CH3). 
Elemental analysis calcd. for C49.4H75.4O6.2: C, 77.20; H, 9.89. Found: C, 76.92; H, 
9.77. FT-IR (KBr, cm-1): 3454, 2925, 2854, 1490, 1466, 1375, 1251, 1208, 1125, 1061, 
864, 781, 733, 700. 
Polymer P10. Precursor P7 (0.40 g), dry THF (20 mL), abs EtOH (20 mL), 10% 
Pd/C (0.80 g) and 2 drops of concentrated hydrochloric acid were reacted using the 
general procedure given above to get the product P10 in 68% yield. 1H NMR (CDCl3, 
δ ppm): 7.16 (b, 2H, Ar-H), 7.06 (b, 2H, Ar-H), 4.16 (b, 2H, -OCH2-), 4.08 (b, 4H, 
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-OCH2-), 3.80 (b, 2H, -OCH2-), 3.71 (b, 2H, -OCH2-), 3.62 (b, 6H, -OCH2-), 1.62 (b, 
8H, -CH2-), 1.30 (b, 32H, -CH2-), 0.91 (b, 6H, -CH3). Elemental analysis calcd. for 
C42H68O7: C, 73.64; H, 10.01. Found: C, 73.70; H, 10.10. FT-IR (KBr, cm-1): 3423, 
2924, 2854, 1624, 1489, 1468, 1387, 1206, 1125, 1065, 872, 797, 722. 
Polymer P11. Precursor P8-01 (0.65 g), dry THF (20 mL), abs EtOH (20 mL), 
10% Pd/C (1.20 g) and 2 drops of concentrated hydrochloric acid were reacted using 
the general procedure given above to get the product P11 in 57% yield. 1H NMR 
(CDCl3, δ ppm): 7.15 (b, Ar-H), 7.06 (b, Ar-H), 4.16 (b, -OCH2-), 3.80 (b, -OCH2-), 
3.71 (b, -OCH2-), 3.62 (b, -OCH2-), 1.63 (b, -CH2-), 1.29 (b, -CH2-), 0.91 (b, -CH3). 
Elemental analysis calcd. for C42.9H69.3O6.6: C, 74.60; H, 10.11. Found: C, 74.89; H, 
9.89. FT-IR (KBr, cm-1): 3460, 2924, 2854, 2360, 2340, 1637, 1489, 1468, 1378, 1205, 
1124, 1063, 878, 793, 720. 
Polymer P12. Precursor P9-01 (0.40 g), dry THF (20 mL), abs EtOH (20 mL), 
10% Pd/C (0.80 g) and 2 drops of concentrated hydrochloric acid were reacted using 
the general procedure given above to get the product P12 in 34% yield. 1H NMR 
(CDCl3, δ ppm): 7.16 (b, Ar-H), 7.06 (b, Ar-H), 4.16 (b, -OCH2-), 4.00 (b, -OCH2-), 
3.80 (b, -OCH2-), 3.71 (b, -OCH2-), 3.62 (b, -OCH2-), 1.65 (b, -CH2-), 1.29 (b, -CH2-), 
0.91 (b, -CH3). Elemental analysis calcd. for C42.9H69.3O6.6: C, 74.60; H, 10.11. Found: 
C, 74.51; H, 10.57.  FT-IR (KBr, cm-1): 3412, 2925, 2854, 1621, 1489, 1466, 1379, 
1204, 1125, 1063, 870, 795, 722. 
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Chapter 3 
Synthesis and Characterization of Conjugated 
Polyphenylenes with Triphenylene Moiety 
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3.1 Introduction 
Conjugated polymers are extensively studied as promising materials for photonic 
and electronic devices such as organic field effect transistors (OFETs),129-131 light 
emitting diodes (LEDs),7,132-134 and photovoltaic devices.102,129,130 Besides 
cross-linking the polymer backbone as discussed in Chapter 2 and changing the 
pendant groups to expand the scope of applications amenable to PPPs system, another 
widely used method is to introduce novel functional moieties to the polymer backbone 
to give the PPPs new properties. Supramolecular organization of the π-conjugated 
materials is very important for the device application.135 In particular, the charge 
carrier mobility which is one of the key parameters for device performance is strongly 
dependent on the organization of polymer chains. Regioregular 
poly(3-alkylthiophene)s with a well-ordered lamellar structure exhibited higher 
charge mobility than the regioirregular polythiophenes.59,136 As shown in Figure 3.1, 
the mobility along the direction normal to the plane (b direction in Figure 3.1) of the 
polymer chain can reach as high as 0.1 cm2/Vs and is 100 times higher than the 
mobility along the direction parallel to the plane of polymer chain and perpendicular 
to the direction of polymer chains (a direction in Figure 3.1) due to strong pi-pi 
stacking of the adjacent chains along the b direction and an insulating layer of alkyl 
groups between the adjacent chains along the a direction. It reminds us of the 
self-assembly of triphenylene-based discotic compounds. 
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Figure 3.1. Schematic depiction of lamellar π-stacking structure of regioregular 
poly(3-hexylthiophene)s. 
 
It is well known that the discotic compounds such as hexa-perihexabenzocoronene 
(HBC) derivatives and triphenylene derivatives are likely to form columnar structure 
consisting of a conducting core and an insulating outer layer due to strong π-π 
interaction and exhibit interesting hole transport capabilities.94,137-139 In order to 
control the self-assembly by improving the π-π stacking in the conjugated polymers, it 
would be interesting to introduce triphenylene to the polymer backbone and possibly 
get the advantage of triphenylene such as formation of highly oriented thin films and 
high charge mobility due to the strong π-π stacking. Swager’s group reported a series 
of poly(phenylene ethynylene)s (PPEs) type conjugated polymers incorporated with 
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triphenylene or other planar polyaromatic units.140,141 However, their studies were 
focused on developing new sensors. In this chapter, a new series of 
triphenylene-incorporated polyphenylenes (Figure 3.2) with well-ordered structures 
























Figure 3.2. Molecular structures of target polymers P13–P16. 
 
3.2 Results and Discussion 
Synthesis. The synthetic routes to the monomers and polymers are outlined in 
Scheme 3.1. Cyclization of the terphenyl 12 was achieved using a modified 
procedure142 to yield 2,3,7,10-tetrakis(hexyloxy)triphenylene (13) in a comparable 
yield.  
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Scheme 3.1. The synthesis of polymers with substituted triphenylene: a) hν, I2, 
toluene, 72 h; b) Br2, CH2Cl2, rt, 2 h; c) PdCl2(dppf), KOAc/DMF, 60 °C, overnight; 
d) THF, 2 M K2CO3 aq., Pd(PPh3)4, Bu4NBr, reflux for 72 h. 
 
The starting material 12 and the product 13 were easily separated by 
recrystallization from the solvent mixture of methanol and dichloromethane. The 
boronic ester 17 was synthesized from the corresponding bromide using similar 
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Miyaura reaction procedure for the synthesis of fluorene boronic esters143 in much 
higher yield than the reported method.144 The target polymers P13–P16 were 
synthesized by Suzuki polycondenzation and polymerization was carried out under 
inert atmosphere using equimolar diboronic acid (or diboronic ester) and monomer 14 
in the biphasic medium of THF and 2 M K2CO3 solution with 
tetrakis(triphenylphosphine) palladium(0) as catalyst and Bu4NBr as phase transfer 
agent under vigorous stirring for 4 days. The reaction mixture was cooled to room 
temperature, extracted with dichloromethane, washed with water, dried over 
anhydrous Na2SO4, filtered and filtrate was concentrated under reduced pressure. 
Further purification of these polymers was achieved by repeated fractional 
precipitation from methanol to remove impurities. 
Characterization of Polymers. The resulting polymers were soluble in common 
organic solvents such as dichloromethane, chloroform, and THF. Molecular weight of 
target polymers was determined by gel permeation chromatography (GPC) with 
polystyrene as standard and THF as eluent. The molecular weights (Mn) of these 
polymers varied greatly from 4 kg/mol to 30 kg/mol (Table 3.1). The low molecular 
weight of P13 is possibly due to formation of the insoluble part of the polymer. 
Although P14 is more sterically hindered than P13, it has much higher molecular 
weight than P13. This result may be attributed to the alkoxy substituents on the 
phenylene segments of P14 which help to increase the solubility of the resulting 
polymer. Similarly, with substituted fluorene segments, P15 has reasonable solubility 
and less steric hindrance than P14, so it has higher molecular weight than P14. On the 
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other hand, the molecular weight of P16 is low while it has good solubility, which is 
probably due to its conjugation-interrupted structure.  
  
Table 3.1. Molecular Weights and Onset Decomposition Temperature (Td) of 
Polymers P13–P16 
Polymer Mn Mw Mw/Mn Td/°C 
P13 3700 4400 1.2 135 
P14 22600 61800 2.7 330 
P15 30600 84100 2.8 345 
P16 5100 8600 1.7 175 
 
Thermal Properties. Thermal properties of these polymers were investigated by 
thermogravimetric analyses using a heating rate of 10 °C/min under nitrogen 
atmosphere. The TGA curves of P13–P16 are shown in Figure 3.3 and the onset of 
decomposition temperatures are summarized in Table 3.1. 
The high molecular weight polymers P14 and P15 exhibited good thermal 
stability with Td around 330 °C and 345 °C, respectively. Relatively low 
decomposition temperature of P13 is possibly due to the terminal residual group on 
the polymer. On the other hand, although the triphenylene derivatives are known for 
their mesogenic properties,91 no thermotropic liquid crystalline behavior was observed 
in polymers P13–P16 from DSC investigation. In addition, polymer P14 exhibited a 
glass transition temperature (Tg) at 105 °C while other polymers lack the 
well-resolved glass transition (Figure 3.4). 
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Figure 3.3. TGA curves of polymers P13–P16 with a heating rate of 10 °C/min. 
 













Figure 3.4. DSC curves of polymers P13–P16 (second heating scan, 20 °C/min). 
 
Optical and Electrochemical Properties of Polymers. Optical properties of 
these polymers were studied using polymers dissolved in freshly distilled THF as well 
as films prepared on quartz plates by drop casting from THF solutions. Their 
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absorption and emission spectra are shown in Figure 3.5(a-c). The UV–vis absorption 
and photoluminescence data are summarized in Table 3.2. 
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Figure 3.5. (a) Absorption and normalized emission spectra of polymers P13–P16 in 
THF solution. The concentration of P13–P16 was 14 mg/L, 13 mg/L, 15 mg/L, and 
12 mg/L, respectively. (b, c) Absorption and normalized emission spectra of polymer 
films. 
 
Polymers P13–P16 in solution exhibited the UV–vis absorption maxima in the 
range of 345 – 380 nm, which could be assigned to the pi–pi* transition of the polymer 
backbone. The position of absorption maximum of polymers P13, P14 and P16 
showed no significant variation. Compared with those of P13, P14 and P16, the 
absorption maximum of P15 is shifted by about 30 nm to a longer wavelength, 
indicating a better coplanarization of the polymer chain due to the planarized 
conjugation structure and small steric effect of the incorporated fluorene moiety. The 
emission spectra (Figure 3.5a) were recorded with an excitation wavelength 
corresponding to the absorption maximum wavelength of the polymer. All polymers 
in THF solution showed the emission maxima between 395 and 435 nm. The emission 
spectra of P14, P15 and P16 showed vibrational structure with the emission λmax at 
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403 nm, 415 nm and 398 nm, respectively, owing to the rigid and well-defined 
backbone structure.29 The relatively large Stoke shift of P13 suggests that the polymer 
chain of P13 undergoes considerable molecular rearrangement upon photoexcitation, 
presumably due to low intramolecular rotational hindrance of the repeating units. 
Figure 3.5(b-c) shows the absorption and emission spectra of these polymers in 
solid state. The emission spectra of P13, P14 and P15 in solid state were recorded 
with a excitation wavelength at 350 nm, 340 nm and 390 nm, respectively, while that 
of P16 was not recorded due to its nearly complete quenching of fluorescence in solid 
state. Compared to the absorption spectra in solution, the absorption spectra of these 
polymers in solid state are more structureless, owing to the aggregation of polymer 
chains. The emission spectra of P13, P14 and P15 in film exhibited a structureless 
broad emission band and a red shift about 15 – 40 nm to longer wavelength with 
respect to their emission spectra in solution, which can be assigned to planarized 
conjugated single chains or aggregates. 
 



















P13 349 351 430 447 81 3.03 -5.51 -2.48 
P14 349 342 403 (420) 439 54 3.13 -5.48 -2.35 
P15 379 392 415 (433) 449 36 2.93 -5.56 -2.63 
P16 350 351 398 (419) – 48 3.04 -5.44 -2.40 
aWavelength of the absorption or photoluminescence (PL) maximum. bNumbers in 
parentheses correspond to the shoulder emission peaks. cCalculated from absorption 
and emission maxima of polymers in solution.  dEg is the band gap, estimated from 
the onset wavelengths of solution UV–vis spectra. eCalculated using the empirical 
equation: HOMO = -(4.44 + Eonset).145 fCalculated from LUMO = HOMO + Eg.  
Zhuang Haiyu 
  National University of Singapore 
 65 
The electrochemical behavior of the polymers P13–P16 was investigated by 
cyclic voltammetry (CV) performed in acetonitrile containing Bu4NClO4 (0.1M) as a 
supporting electrolyte at a scan rate of 100 mV/s, with a platinum electrode as the 
working electrode of the three electrode systems and an Ag/AgCl electrode as the 
reference electrode. Cyclic voltammetry curves of the polymers P13–P16 are shown 
in Figure 3.6 and the results are summarized in Table 3.2. The p-doping (oxidation) of 
all polymers was observed to be irreversible when scanned repeatedly using cyclic 
voltammetry. 
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Figure 3.6. Cyclic voltammograms of the films of P13–P16 on platinum plates in 
acetonitrile containing Bu4NClO4 (0.1 M) as a supporting electrolyte, scan rate 0.1 
V/s. 
 
X-ray Diffraction Study. X-ray diffraction (XRD) patterns of the thin films of 
the polymers P13–P16 at room temperature are shown in Figure 3.7 and the results 
are summarized in Table 3.3. 
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Figure 3.7. X-ray diffraction patterns of the thin films of polymers (a) P13, (b) P14, 
(c) P15 and (d) P16 prepared by drop casting on thin glass plate from chloroform 
solution, without annealing (curve 1) and pre-annealed at 100 °C for 2 days (curve 2). 
 
It has been reported that polymers with disc-like mesogens in the main chain 
exhibited no significant packing of the rigid-rod chains.146-148 Due to the incorporation 
of triphenylene, strong π-π stacking is expected between the polymer chains. 
Existence of effective π stacking is indicated by the strong diffraction peaks for the 
annealed P14 and P15 located near 2θ = 22°, which correspond to the main chain 
stacking distances around 4.0 Å and 4.2 Å, respectively (Table 3.3). The side chains in 
P15 are short alkoxy groups and the peak at 4.8° (d = 18.4 Å) in the low angle range 
indicated end-to-end packing of side chains in P15. As a result, the high-angle peaks 
(20° – 30°) in these polymers are likely originated from the stacking of the polymer 
chains although it is possible that these peaks originated from the side-to-side distance 
between loosely packed long alkyl chains with the typical spacing around 4.2 Å.149,150 
The XRD pattern of annealed P14 showed a peak at 4.1° (d = 21.6 Å) which can be 
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assigned to the alkyl-chain spacing between polymer chains while the sharp peak at 
7.1° (d = 12.4 Å) can be assigned to length of the repeating segment of P14 (roughly 
estimated to be 12.8 Å, based on that the C-C bond length in benzene is about 1.40 Å 
and the length of C-C single bond is about 1.47 Å), indicating a long-range order 
along the backbone. It is conceivable that the self-organization of P14 and P15 results 
in a well-ordered lamella structure with two-dimensionally conjugated sheets (Figure 
3.8b). 
 
Table 3.3. The 2θ Angle of X-ray Diffraction Peaks of Polymers P13–P16 
2θ angle of X-ray diffraction peaks (°)* 
Polymer 
Before annealing After annealing 
P13 22.8 (3.9) 4.0 (22.1), 4.7 (18.8), 6.4 (13.8), 
22.8 (3.9) 
P14 4.2 (21.0), 6.9 (12.8), 22.1 
(4.0) 
4.1 (21.6), 7.1 (12.4), 22.5 (4.0) 
P15 22.2 (4.0) 4.8 (18.4), 21.2 (4.2) 
P16 22.1 (4.0) 21.7 (4.1) 
*Numbers in parentheses correspond to the distances (Å) calculated from the angles. 
 
Different from the reported regioregular poly(3-alkylthiophenes)151-156 in which 
the ordered structure was mainly controlled by the regioregularity, the 
self-organization of these polymers was mainly controlled by the interaction of the 
triphenylene moieties. One possible explanation of the well-ordered structure is that 
adjacent triphenylene units in the polymer chain are supposed to adopt two types of 
planarized conformations, “cis-type” and “trans-type” (Figure 3.8a). Due to steric 
effect, one type is preferred over the other in the π-π stacking and also influenced by 
Zhuang Haiyu 
  National University of Singapore 
 70 
the adjacent co-monomer (Ar in Figure 3.8a). The substituted polymer chain will 
adopt a conformation with low steric hindrance and the stacking of the polymer 
chains leads to highly ordered structures. The existence of the “cis-type” and 
“tans-type” conformations is supported by the difference (3.3 Å) in peak positions 
(corresponding to alkyl-chain spacing 22.1 and 18.8 Å) in the XRD pattern of P13, 
which can be assigned to the difference in the width of the two types of conformations 
as shown Figure 3.8a. However, the coexistence of “cis-type” and “trans-type” 
conformations led to less effective pi-stacking of polymer main chains and 
consequently only an amorphous halo was observed in high-angle region in the XRD 
pattern of P13. On the other hand, the XRD pattern of P15 showed only one peak in 
the low-angle region, corresponding to the alkyl-chain spacing around 18.4 Å. It is 
close to the alkyl-chain spacing (18.8 Å) found in P13, indicating that only the 
“cis-type” conformation exists in P15. Consequently, effective pi-pi stacking gave rise 
to a strong peak in the high-angle region in the XRD pattern. The backbone of P16 is 
not linear due to the incorporation of carbazole segments. As a result, the main chain 






































































Figure 3.8. (a) Planarized conformations of adjacent triphenylene units with a 




Novel triphenylene-based polyphenylenes were synthesized using 
palladium-catalyzed Suzuki coupling reaction. All polymers were soluble in common 
organic solvents such as tetrahydrofuran (THF), chloroform and dichloromethane. 
The optical property investigation showed these polymers emitted in the blue region, 
owing to their PPP-type structure. The XRD studies revealed that the incorporation of 
triphenylene onto the polymer backbone resulted in a well-ordered lamellar structure 
in solid state owing to the self-organization properties brought by the strong pi-pi 
stacking of triphenylene moiety as well as the interaction of the side chains. Such 
well-ordered structures would allow high charge mobility which is important for 
applications in OFET, photovoltaic cell as well as OLED devices. 
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3.4 Experimental Section 
Materials. All reagents were purchased from Aldrich, Fluka or Merck and were 
used without further purification unless otherwise stated. All reactions were carried 
out with dry, freshly distilled organic solvents and in an inert atmosphere. 
Tetrahydrofuran (THF) was distilled over sodium under nitrogen atmosphere. 
Instrumentation. The 1H and 13C NMR spectra were collected on Bruker NMR 
spectrometers. Thermogravimetric analyses (TGA) and differential scanning 
calorimetry (DSC) were done under nitrogen atmosphere using TA Instruments SDT 
2960 with a heating rate of 10 °C/min and TA Instruments DSC 2920, respectively. 
Gel permeation chromatography (GPC) was used to obtain the molecular weight of 
polymers with polystyrene as standard and THF as eluent. Absorption and emission 
spectra of polymers were obtained using a Shimadzu 3101PC and RF-5301PC 
spectrophotometer, respectively. IR spectra were recorded using a BIORAD FT-IR 
spectrophotometer. MS spectra were obtained using a Finnigan TSQ 7000 
spectrometer. Elemental analyses were performed using a Perkin-Elmer CHNS 
autoanalyzer. The X-ray diffraction data were recorded by a D5005 Siemens X-ray 
diffractometer with Cu Kα (1.5418 Å) radiation (40 kV, 40 mA). Samples were 
scanned with a step size of 2θ = 0.01° between 2θ = 1.5° and 30°. 
Synthesis. The synthetic scheme for the monomers and the polymers are outlined 
in Scheme 3.1. Terphenyl (12),142 3,6-dibromo-9-ethylhexyl-carbazole (15),144,157 and 
the diboronic acid (11)113,114 were synthesized using the reported procedures. 
Compounds 18 and 19 are commercially available. Compound 13 was synthesized 
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using a modified procedure while compound 14 was prepared by the reported 
procedure.142 Compound 17 was prepared by a synthetic procedure different from the 
reported one.144 
2,3,7,10-Tetrakis(hexyloxy)triphenylene (13). Terphenyl 12 (3.02 g, 4.79 mmol) 
and iodine (1.60 g, 6.34 mmol) were dissolved in toluene (300 mL). The mixture was 
stirred under ultra-violet light at room temperature for 72 hours. After the addition of 
potassium metabisulfite solution, the organic layer was separated and aqueous layer 
was extracted with dichloromethane. The combined organic extracts were dried over 
anhydrous Na2SO4 and concentrated under reduced pressure. A crude product was 
purified using column chromatography over silica gel with a solvent mixture 
(CH2Cl2:hexanes, 1:1) as eluent. The recrystallization of the crude product from a 
mixture of methanol and dichloromethane gave a pure product (1.36 g, 45.2%). NMR 
data matched those of reported values.142 
3,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9-ethylhexylcarbazole 
(17). Under nitrogen atmosphere, compound 15 (1.80 g, 4.12 mmol), 
bis(pinacolato)diboron 16 (3.76 g, 14.8 mmol), KOAc (2.42 g, 24.7 mmol), and 
Pd(dppf)Cl2.CH2Cl2 (0.336 g, 0.412 mmol) were dissolved in DMF (40 mL) and 
heated to 60 °C for overnight. After the reaction mixture was cooled to room 
temperature, water and diethyl ether were added. The aqueous phase was extracted 
with diethyl ether. The combined organic layers were dried over anhydrous Na2SO4 
and solvent was removed under reduced pressure. The residue was purified using 
column chromatography over silica gel with hexanes/ethyl acetate (100:7) as eluent to 
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yield the pure product (1.45 g, 67%). NMR data matched those of reported values.144 
General procedure for polymerization by Suzuki polycondensation in THF. 
Compound 14, diboronic acid or diboronic ester and phase transfer agent Bu4NBr 
were added to the mixture of K2CO3 solution (2 M) and THF. After the addition of 
catalyst tetrakis(triphenylphosphine)palladium(0), the mixture was deoxygenated by 
bubbling nitrogen for 15 min, stirred vigorously for 4 days at reflux temperature under 
nitrogen atmosphere, cooled to room temperature, extracted with dichloromethane, 
washed with water, dried over anhydrous Na2SO4, filtered, and solvent was 
concentrated under reduced pressure. The polymer was precipitated repeatedly from 
large amounts of methanol to remove impurities. 
Polymer P13. Compound 14 (500 mg, 0.636 mmol), diboronic acid 18 (105 mg, 
0.636 mmol), 2 M K2CO3 solution (50 mL), THF (50 mL), Bu4NBr (0.50 g) and 
tetrakis(triphenylphosphine)palladium(0) (37 mg, 5 mol %) were reacted using 
general procedure to give P13 (soluble and insoluble parts in dichloromethane). The 
soluble part in dichloromethane obtained was 0.29 g (65%) and was used for further 
characterization. 1H NMR (CDCl3, 500 MHz, δ ppm): 8.65-8.38 (m, 2H, ArH), 
8.01-7.76 (6H, ArH), 7.75-7.03 (2H, ArH), 4.26 (m, 8H, OCH2), 1.97 (m, 8H, 
OCH2CH2), 1.62 (m, 8H, CH2), 1.43 (m, 16H, CH2), 0.96 (m, 12H, CH3). 13C NMR 
(CDCl3, 125.77 MHz, δ ppm): 155.0, 153.7, 149.51, 149.46, 149.3, 149.2, 138.8, 
137.7, 137.6, 137.4, 131.7, 131.2, 130.9, 130.0, 129.6, 129.3, 129.1, 128.8, 128.0, 
127.9, 127.2, 126.7, 125.7, 125.2, 124.1, 123.5, 122.4, 115.0, 113.8, 113.6, 106.8, 
106.63, 106.57, 106.4, 106.3, 105.6, 105.5, 105.2, 69.6, 69.54, 69.47, 69.4, 68.8, 31.7, 
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31.6, 29.7, 29.4, 29.3, 25.94, 25.86, 22.7, 14.1. Elemental analysis calcd. for C48H62O4: 
C, 82.01; H, 8.89. Found (soluble part): C, 80.34; H, 8.67; residual Br, 1.89. Found 
(insoluble part): C, 81.75; H, 8.81. FT-IR (KBr, cm-1): 3090, 3055, 3030, 2954, 2929, 
2857, 1732, 1615, 1582, 1504, 1469, 1430, 1386, 1259, 1186, 1044, 1015, 966, 923, 
884, 865, 838, 764, 726. 
Polymer P14. Compound 14 (500 mg, 0.636 mmol), diboronic acid 11 (340 mg, 
0.636 mmol), 2 M K2CO3 solution (50 mL), THF (50 mL), Bu4NBr (0.50 g) and 
tetrakis(triphenylphosphine)palladium(0) (37 mg, 5 mol %) were reacted using 
general procedure to give P14. The obtained yield was 0.60 g (88%). 1H NMR 
(CDCl3, 300 MHz, δ ppm): 8.61 (b, 2H, ArH), 8.03 (b, 4H, ArH), 7.27 (b, 2H, ArH), 
4.32 (b, 8H, OCH2), 4.02 (b, 4H, OCH2), 1.96(b, 8H, OCH2CH2), 1.60-1.12 (m, 64H, 
CH2), 0.97(b, 12H, CH3), 0.89(6H, CH3). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 
155.5, 150.5, 148.9, 135.7, 129.3, 128.8, 128.0, 126.7, 125.4, 124.8, 123.7, 123.6, 
117.0, 105.2, 69.6, 69.3, 68.9, 34.2, 31.8, 31.7, 31.6, 30.3, 30.2, 29.53, 29.46, 29.4, 
29.3, 26.1, 25.8, 22.6, 14.0. Elemental analysis calcd. for C72H110O6: C, 80.70; H, 
10.35. Found: C, 80.02; H, 9.99. FT-IR (KBr, cm-1): 2925, 2854, 1616, 1509, 1492, 
1468, 1428, 1379, 1299, 1260, 1205, 1046, 932, 862, 835, 725. 
Polymer P15. Compound 14 (500 mg, 0.636 mmol), diboronic acid 19 (268 mg, 
0.636 mmol), 2 M K2CO3 solution (50 mL), THF (50 mL), Bu4NBr (0.50 g) and 
tetrakis(triphenylphosphine)palladium(0) (37 mg, 5 mol %) were reacted using 
general procedure to give P15. The obtained yield was 0.56 g (92%). 1H NMR 
(CDCl3, 500 MHz, δ ppm): 8.54 (b, 2H, ArH), 8.03 (b, 4H, ArH), 7.92 (b, 2H, ArH), 
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7.86 (b, 2H, ArH), 7.75 (b, 2H, ArH), 4.28 (b, 8H, OCH2), 2.13 (b, 4H, CH2), 1.93(b, 
8H, OCH2CH2), 1.58-1.14 (m, 36H, CH2), 0.94 (b, 18H, CH3), 0.78 (m, 4H, CH2). 13C 
NMR (CDCl3, 125.77 MHz, δ ppm): 155.1, 150.7, 149.2, 140.1, 137.5, 132.2, 129.2, 
128.5, 125.7, 124.8, 124.2, 123.6, 119.4, 105.9, 69.5, 69.1, 55.2, 40.7, 31.8, 31.7, 31.6, 
30.2, 29.5, 29.4, 26.0, 25.9, 24.2, 22.8, 22.7, 14.1, 14.0. Elemental analysis calcd. for 
C67H90O4: C, 83.87; H, 9.46. Found: C, 83.04; H, 9.22. FT-IR (KBr, cm-1): 3057, 3029, 
2953, 2926, 2855, 1614, 1578, 1509, 1466, 1422, 1379, 1258, 1222, 1185, 1044, 928, 
881, 823, 723. 
Polymer P16. Compound 14 (450 mg, 0.573 mmol), diboronic ester 17 (304 mg, 
0.573 mmol), 2 M K2CO3 solution (45 mL), THF (45 mL), Bu4NBr (0.45 g) and 
tetrakis(triphenylphosphine)palladium(0) (33 mg, 5 mol %) were reacted using 
general procedure to give P16. The obtained yield was 0.37 g (71%). 1H NMR 
(CDCl3, 500 MHz, δ ppm): 8.58 (m, 4H, ArH), 8.10-7.90 (m, 6H, ArH), 7.59 (b, 2H, 
ArH), 4.29-4.22 (m, 10H, OCH2 and NCH2), 2.27 (b, 1H, CH), 1.89 (b, 8H, 
OCH2CH2), 1.55-1.30 (m, 32H, CH2), 1.06-0.75 (m, 18H, CH3). 13C NMR (CDCl3, 
125.77 MHz, δ ppm): 155.2, 149.1, 140.7, 132.5, 129.5, 129.0, 127.9, 125.8, 124.2, 
123.7, 123.6, 123.1, 121.8, 108.5, 107.0, 105.7, 69.5, 69.0, 68.4, 47.8, 39.7, 31.6, 31.2, 
29.7, 29.5, 29.4, 29.0, 26.1, 25.2, 24.5, 23.2, 23.1, 23.1, 22.6, 22.6, 14.1, 14.1, 14.0, 
13.9, 11.0. Elemental analysis calcd. for C62H81NO4: C, 82.35; H, 9.03; N, 1.55. 
Found: C, 82.27; H, 8.91; N, 1.53. FT-IR (KBr, cm-1): 3055, 2954, 2927, 2856, 1728, 
1614, 1510, 1485, 1420, 1381, 1349, 1283, 1259, 1181, 1045, 1016, 926, 877, 836, 
805, 764, 727. 
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Chapter 4 
Synthesis and Property Characterization of Novel 
Conjugated-Bridged Liquid Crystal Triphenylenes 
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4.1 Introduction 
In Chapter 3, polymers incorporated with triphenylene in the backbone were 
prepared and found to be highly ordered in film. On the other hand, triphenylene is 
also the scaffold for a large number of discotic liquid crystals (LCs).96,158 Besides the 
application in the liquid crystal display, the applications of LCs in electronic devices 
such as photovoltaics,159 organic light emitting diodes (OLEDs)86 and transistors160 
also attracted interest due to self-assembly and supramolecular structures of such 
materials.5,156,157 In order to design novel functional triphenylene derivatives, one 
convenient way is to connect a triphenylene unit with another triphenylene unit or 
other groups through a conjugated or non-conjugated linker. Most of the linkers 
reported were soft segments such as a polymethylene chain and only a few rigid 
conjugated spacers were reported so far.91 By introducing rigid conjugated spacers, it 
is not only possible to obtain new liquid crystalline properties with high sensitivity for 
LC phases to the structural variation,87 but also to modify electronic structure which is 
desired for device applications. The compounds with two triphenylene mesogens 
connected via diacetylene spacer were reported to be discotic nematic LCs instead of 
the discotic columnar LCs found in the triphenylene dimers connected via soft 
spacers.97 Poly(p-phenylene vinylene) (PPV) analogous short chain compounds 
formed by bridging two triphenylene units were reported to be successfully used in 
OLEDs.86 To further explore the advantages of using rigid conjugated spacers, it 
would be interesting to investigate properties of short chain compounds as model 
compounds for polymers. In this chapter, novel triphenylene derivatives (Figure 4.1) 
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in which triphenylene units were connected via rigid linear or bent π-spacers are 
expected to combine the charge transporting properties, light-emitting properties and 





























Figure 4.1. Molecular structures of target triphenylene derivatives T1–T7. 
 
4.2 Results and Discussion 
Synthesis. The syntheses of the starting materials89,97 (compounds 21, 22 and 23) 
and triphenylene derivatives T1–T7 are outlined in Scheme 4.1 and 4.2, respectively. 
5-(3,6,7,10,11-Pentakis(hexyloxy)triphenylen-2-yloxy)-1-phenyl-1H-tetrazole (20) 
was an intermediate in the reported procedures.89,97 However, the separation of this 
















































































Scheme 4.1. Synthetic routes to compound 21, terminal acetylene 22 and diacetylene 
23. 
 
As shown in Scheme 4.2, three different strategies were applied for the synthesis 
of compounds T1–T7.  
 
Zhuang Haiyu 











































































Scheme 4.2. Synthesis of the target triphenylene derivatives T1–T7. 
 
Synthesis of triphenylene derivatives T1–T4 was achieved using a modified 
Suzuki coupling procedure. On the other hand, due to steric effect, the treatment of 
diacetylene 23 with sodium sulfide and potassium hydroxide in tetrahydrofuran161 or 
dioxane162 under reflux condition did not afford the desired product while the reaction 
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in dimethyl sulfoxide163 at higher temperature gave the product T5 in low yield due to 
side reactions. For the preparation of thiophene derivative T6, owing to the high 
reactivity of the terminal acetylene 22, a reasonable yield was obtained only when 
2-iodothiophene instead of 2-bromothiophene was used in the Sonogashira coupling. 
For the preparation of thiophene derivative T7, 3-ethynylthiophene was used in large 
excess to improve the conversion rate of the bromide 21. These target compounds 
were then characterized by 1H NMR, 13C NMR, MS, EA, IR, UV-vis, FL, POM and 
DSC investigations. 
 
Table 4.1. Phase Transition Temperatures (°C) and Enthalpies (kJ mol-1, in 
parentheses) of Triphenylene Derivatives T1–T7. Cr = crystal, Colh = hexagonal 
columnar, N = nematic, I = isotropic, B = banana-shaped liquid crystalline, g = glassy 
state. 
Compounds Phase transition T (°C) (∆H[kJ mol-1])* Heating scan Cooling scan 
T1 Cr1 68.28 (13.1) Cr2159.0 (5.8) N 179.3 (1.1) I I 176.1 (0.9) N 147.6 (5.8) Cr2 44.1 (12.2) Cr1 
T2 Cr 114.3 (71.4) I I 72.8 (54.4) Cr 
T3 Cr1 109.2 (-30.5) Cr2 147.0 (41.6) N 160.2 (1.4) I I 157.4 (2.4) N 126.6 (2.3) Cr 
T4 g 25 
T5 Cr 96.6 (32.8) B 169.2 (5.4) I I 161.2 (6.0) B 51.3 (36.6) Cr 
T6 Colh 175.7 (6.0) I I 170.4 (5.5) Colh 
T7 Colh 170.6 (5.9) I I 163.7 (6.1) Colh 
*Enthalpy values and transition temperatures were determined by DSC (second 
heating scan, 20 °C/min; first cooling scan, 10 °C/min). Phases were assigned from 
polarizing optical microscopy (POM). 
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Phase Behavior of Triphenylene Derivatives T1–T7. Phase transition 
temperatures and enthalpy changes of triphenylene derivatives T1–T7 were 
determined using DSC and the data are summarized in Table 4.1. The assignment of 
the liquid crystalline phase was done using polarizing optical microscopy. The phase 
behavior of these derivatives is sensitive to the structural variations. The derivative 
T1 with a phenylene spacer showed enantiotropic phase behavior with two crystalline 
phases and one nematic phase. In contrast, derivative T2 with a dodecyloxy group 
incorporated phenylene spacer was found to be non-mesogenic due to the steric 
hindrance of the alkoxy groups. The derivative T3 with a fluorene spacer showed 
monotropic phase behavior. On cooling, isotropic to nematic phase transition was 
observed at 157.4 °C, followed by nematic phase to crystalline phase transition at 
126.6 °C. On the second heating, a crystallization peak was observed at 109.2 °C, 
followed by the transition of crystalline to nematic phase at 147.0 °C with a rather 
large heat change and a melting transition at 160.2 °C. It has been reported that many 
triphenylene derivatives with carbazole group are not mesogenic in their pure form.96 
Derivative T4 with a carbazole spacer was found to be transparent yellow semi-solid 
at room temperature (around 25 °C) and showed a tenuous glass transition around 25 
°C. Derivative T5 in which the two triphenylene segments are bridged by thiophene 
exhibited enantiotropic phase behavior. On cooling, the isotropic to liquid crystalline 
phase transition occurred at 161.2 °C. The enthalpy of this transition is much larger 
than those of derivatives T1 and T3, which indicates a more ordered liquid crystalline 
phase for compound T5. Derivatives T6 and T7 were found to have similar enthalpy 
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of the isotropic-Colh transition and exhibited a broad liquid crystalline temperature 
range. Both of them showed no sign of crystallization in the temperature range of 10 
°C to 200 °C and such behavior was reported for the acetylene incorporated 
triphenylenes which were also reported to have a low glass transition temperature.89 
Since the pi-conjugation in derivative T6 is slightly larger than that of its isomer T7, 
stronger pi-pi stacking is expected. As a result, the derivative T6 exhibited slightly 
higher clearing temperature than that of its isomer T7. 
Optical Textures. Due to structural differences, the optical textures of 
triphenylene derivatives are different from each other. Figure 4.2 shows the optical 
textures of the derivatives T1 and T3. Both derivatives showed similar liquid 
crystalline transition on cooling. The typical nematic droplets (Figure 4.2a and Figure 
4.2d) formed from the isotropic melt, followed by Schlieren textures (Figure 4.2b and 
Figure 4.2e) on further cooling and thread-like textures (Figure 4.2c and Figure 4.2f) 
at lower temperatures. After the appearance of thread-like texture, a homeotropically 
aligned texture (Figure 4.2g) was observed for derivative T3 on cooling while the 
derivative T1 became crystal directly. 
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Figure 4.2. Optical textures (crossed polarizers) of T1 at 183.8 °C (a), 182.9 °C (b), 
160.8 °C (c) and T3 at 164.0 °C (d), 161.3 °C (e), 155 °C (f), 150 °C (g), respectively. 
 
In contrast, derivative T2 exhibited an isotropic to crystalline phase transition and 
Figure 4.3 shows its spherulitic crystalline growth from the isotropic melt on cooling. 
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Figure 4.3. Optical textures (crossed polarizers) of derivative T2 at (a) 98.5 °C, 
needle growth during direct crystallization from the isotropic melt and (b) 79.9 °C, a 
crystalline phase after completed spherulite growth. 
 
To our surprise, derivative T5 with thiophene spacer showed quite different 
textures from the rest. Figure 4.4a shows the growth of elongated germs from the 
isotropic melt which is the characteristic of smectic LCs and associated with a relative 
large enthalpy change. Under high magnification, it is interesting to find that these 
germs actually show the pattern in which two sets of short parallel lines are attached 
to one long centered line (Figure 4.4b). Furthermore, the angle between the two sets 
of parallel lines is around 150° which is quite close to the estimated angle between the 
two bonds at the 2 and 5 positions of the thiophene ring in the molecule T5. The C2v 
symmetry bent-core structure of this derivative and the pattern indicate that this phase 
is not a conventional smectic phase but a banana-shaped liquid crystalline phase. On 
further cooling, these germs coalesced to a mosaic texture (Figure 4.4c). To the best 
of our knowledge, derivative T5 is the first triphenylene-based banana-shaped LC. 
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Owing to its potential ferroelectricity or antiferroelectricity properties, the material 
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Figure 4.4. Optical textures (crossed polarizers) of derivative T5 at (a, b) 172.7 °C 
and (c) 154.9 °C. 
 
The two isomers T6 and T7 exhibited similar discotic liquid crystalline behavior. 
Figure 4.5 shows a defective homeotropic optical texture of derivative T7. As stated 
above, derivatives T6 and T7 exhibited large liquid crystalline range without 
significant optical texture change.89 
 
 
Figure 4.5. Optical textures of derivative T7 (crossed polarizers, 150.0 °C). 
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Spectral Properties of Triphenylene Derivatives T1–T7. All derivatives T1–T7 
are photoluminescent in solution due to their conjugated structures. Their UV–vis 
absorption and emission spectra (excited at 286 nm, 282 nm, 270 nm, 283 nm, 394 
nm, 352 nm and 358 nm for T1–T7, respectively) are shown in Figure 4.6 and the 



























































































Figure 4.6. Absorption and normalized emission spectra of compounds T1–T4 (a) 
and compounds T5–T7 (b) in THF solution. The concentration of all the solutions was 
12 mg/L. 
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Derivatives T1–T5 are triphenylene dimers bridged via rigid spacers while 
compounds T6 and T7 are triphenylene-based monomeric derivatives. T1 and T2 
exhibited similar absorption and emission spectra. Both absorption and emission 
maxima of T1 are slightly red-shifted relative to those of T2, indicating a better 
coplanarization of the backbone due to low steric hindrance. Compared with T1 and 
T2, the UV–vis absorption maximum of T3 appeared at a longer wavelength (λmax = 
350 nm) due to the incorporation of fluorene which can facilitate the coplanarization 
of the backbone. The emission spectra of T3 showed a maximum at 400 nm and a 
shoulder at 421 nm, respectively. On the other hand, the backbone structure of T4 
with a carbazole spacer is conjugation-interrupted and its absorption and emission 
spectra exhibited the absorption maximum at 283 nm and emission maximum at 388 
nm, respectively. Owing to the incorporation of thiophene spacer, T5 exhibited a 
maximum at 394 nm while its emission spectra showed a maximum at 443 nm and a 
shoulder at 469 nm, respectively. Not surprisingly, the two isomers T6 and T7 
showed similar absorption and emission spectra. Although T6 has a slightly more 
extended conjugation structure, its absorption maximum is shifted by 6 nm to a 
shorter wavelength compared to that of T7, indicating that conjugation between its 
thiophene part and triphenylene part is perturbed as the rotation of thiophene around 
the triple bond axis is relatively free in the ground state. However, the emission 
maximum of T6 appeared at a relatively longer wavelength in solution, owing to its 
more extended conjugation structure and the planarized configuration in the excited 
state as a consequence of the presence of a triple bond.1 
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T1 286 (338) 398 3.22 
T2 282 395 3.32 
T3 270 (350) 400 (421) 3.15 
T4 283 388 3.29 
T5 394 443 (469) 2.74 
T6 294 (352) 430 3.11 
T7 300 (358) 405 (422) 3.13 
aNumbers in parentheses correspond to the shoulder absorption/emission peaks. 
bEstimated from the onset wavelengths of solution UV–vis spectra. 
 
4.3 Conclusion 
In summary, seven triphenylene derivatives with conjugated backbone were 
synthesized and characterized. The structural variation has a dramatic effect on the 
mesogenic properities of these derivatives. Among these derivatives, we found one 
novel banana-shaped liquid crystal besides the nematic LCs, discotic columnar LCs 
and non-mesogenic derivatives. In addition, these derivatives exhibited blue to green 
photoluminescence and are promising for the application in OLEDs. 
 
4.4 Experimental Section 
Materials. All reagents were purchased from Aldrich, Fluka or Merck and were 
used without further purification unless otherwise stated. All reactions were carried 
out with dry, freshly distilled organic solvents and in an inert atmosphere. 
Instrumentation. The 1H and 13C NMR spectra were collected using Bruker 
NMR spectrometers. Thermogravimetric analyses (TGA) and differential scanning 
calorimetry (DSC) were done using TA Instruments SDT 2960 and TA Instruments 
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DSC 2920 under nitrogen atmosphere, respectively. Absorption and emission spectra 
of the compounds were obtained using a Shimadzu 3101PC spectrophotometer and 
RF-5301PC spectrofluorophotometer, respectively. IR spectra were recorded using a 
BIORAD FT-IR spectrophotometer. MS spectra were obtained using a Finnigan TSQ 
7000 spectrometer. Elemental analyses were performed using a Perkin-Elmer CHNS 
autoanalyzer. A small amount of each sample was introduced between two glass slides 
for polarizing optical microscopy observation using a Zeiss Axiolab Pol (0.5) with a 
Linkam LTSE350 heating and cooling stage to identify the different phases. 
Synthesis. The synthetic routes to starting materials (compounds 21, 22 and 23) 
and the target molecules T1–T7 are outlined in Scheme 4.1 and 4.2, respectively. 
Bromide (21),89,97 terminal acetylene (22)89,97 and diacetylene (23)97 were synthesized 
using the reported or modified procedures. The synthesis of boronic acid (11) and 
boronic ester (17) has already been discussed in previous chapter. The compounds 18, 
19, 24 and 25 are commercially available. 
5-(3,6,7,10,11-Pentakis(hexyloxy)triphenylen-2-yloxy)-1-phenyl-1H-tetrazole 
(20). This intermediate in the reported procedures89,97 was separated using column 
chromatography with CH2Cl2/hexanes (1:2) as eluent. 1H NMR (CDCl3, 300 MHz, δ 
ppm): 8.40 (s, 1H, Ar-H), 7.97 (m, 1H, Ar-H), 7.95 (m, 1H, Ar-H), 7.87 (s, 1H, Ar-H), 
7.81 (s, 1H, Ar-H), 7.77 (s, 2H, Ar-H), 7.72 (s, 1H, Ar-H), 7.64-7.58 (m, 2H, Ar-H), 
7.57-7.50 (m, 1H, Ar-H), 4.25-4.15 (m, 10H, OCH2), 2.00-1.87 (m, 8H, CH2), 
1.65-1.52 (m, 10H, CH2), 1.41-1.36 (m, 16H, CH2), 1.23 (m, 6H, CH2), 0.96-0.89 (m, 
12H, CH3), 0.86-0.82 (m, 3H, CH3). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 160.3, 
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149.9, 149.2, 149.0, 148.7, 148.1, 142.0, 133.4, 129.6, 129.2, 128.4, 124.8, 123.2, 
123.1, 123.1, 122.5, 122.1, 115.4, 108.0, 107.1, 106.6, 106.4, 106.3, 69.8, 69.7, 69.3, 
69.1, 68.7, 31.6, 31.6, 31.4, 29.4, 29.4, 29.3, 29.2, 29.1, 25.8, 25.7, 25.5, 22.6, 22.6, 
22.4, 14.0, 13.9. Anal. Calcd for C55H76N4O6: C, 74.29; H, 8.61; N, 6.30. Found: C, 
74.28; H, 8.38; N, 6.26. FT-IR (KBr, cm-1): 3083, 2954, 2929, 2857, 1618, 1598, 1545, 
1516, 1438, 1390, 1293, 1264, 1174, 1119, 1095, 1070, 1044, 926, 868, 836, 756, 726, 
686. MS (EI): m/z: 888.9. 
General procedure for the preparation of triphenylene derivatives T1–T4 by 
Suzuki coupling. The bromide, diboronic acid (or diboronic ester) and phase transfer 
agent Bu4NBr were added to the mixture of 2 M K2CO3 solution and tetrahydrofuran. 
After the addition of catalyst tetrakis(triphenylphosphine)palladium(0), the mixture 
was deoxygenated by bubbling nitrogen for 15 min and stirred vigorously for 3 days 
at reflux temperature under nitrogen atmosphere. The reaction mixture was cooled to 
room temperature, extracted with dichloromethane, washed with water, dried over 
anhydrous Na2SO4, filtered and excess solvent was removed under reduced pressure 
to yield a crude product. The crude product was purified using column 
chromatography over silica gel with CH2Cl2/hexanes as eluent to yield the product. 
1,4-Bis(3,6,7,10,11-pentakis(hexyloxy)triphenylen-2-yl)benzene (T1). Bromide 
21 (1.00 g, 1.24 mmol, 2.2 equiv.), boronic acid 18 (0.093 g, 0.56 mmol, 1.0 equiv.), 
Bu4NBr (0.50 g), 2 M K2CO3 solution (50 ml), THF (50 ml) and Pd(PPh3)4 (65 mg, 
0.05 mmol, 0.1 equiv.) were reacted using the general procedure. The crude product 
was purified using column chromatography over silica gel with CH2Cl2/hexanes (2:3) 
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as eluent to yield the product (0.16 g, 19%). 1H NMR (CDCl3, 300 MHz, δ ppm): 8.49 
(s, 2H, Ar-H), 7.99 (s, 2H, Ar-H), 7.98 (s, 2H, Ar-H), 7.94 (s, 2H, Ar-H), 7.87-7.86 (m, 
8H, Ar-H), 4.30-4.20 (m, 20H, OCH2), 2.00-1.89 (m, 20H, CH2), 1.63-1.56 (m, 20H, 
CH2), 1.43-1.37 (m, 40H, CH2), 0.98-0.89 (m, 30H, CH3). 13C NMR (CDCl3, 75.47 
MHz, δ ppm): 155.1, 149.9, 149.4, 148.8, 137.6, 130.5, 129.5, 125.6, 124.9, 124.1, 
123.2, 123.1, 123.0, 108.1, 107.7, 107.1, 106.7, 105.0, 69.9, 69.6, 69.4, 68.8, 31.70, 
31.66, 31.5, 29.7, 29.47, 29.41, 29.2, 25.9, 25.8, 22.66, 22.62, 14.0. Anal. Calcd for 
C102H146O10: C, 79.95; H, 9.60. Found: C, 79.98; H, 9.43. FT-IR (KBr, cm-1): 3101, 
2955, 2929, 2858, 1615, 1510, 1468, 1430, 1388, 1264, 1221, 1175, 1047, 925, 885, 
864, 838, 801, 726. MS (FAB): m/z: 1531.6. 
1,4-Bis(dodecyloxy)-2,5-bis(3,6,7,10,11-pentakis(hexyloxy)triphenylen-2-yl)-b
enzene (T2). Bromide 21 (1.00 g, 1.24 mmol, 2.2 equiv.), boronic acid 11 (0.30 g, 
0.56 mmol, 1.0 equiv.), Bu4NBr (0.50 g), 2 M K2CO3 solution (50 ml), THF (50 ml) 
and Pd(PPh3)4 (65 mg, 0.05 mmol, 0.1 equiv.) were reacted using the general 
procedure. The crude product was purified using column chromatography over silica 
gel with CH2Cl2/hexanes (2:3) as eluent to yield a white product (0.90 g, 84%).1H 
NMR (CDCl3, 300 MHz, δ ppm): 8.51 (s, 2H, Ar-H), 7.99 (s, 2H, Ar-H), 7.95 (s, 2H, 
Ar-H), 7.92 (s, 2H, Ar-H), 7.88 (s, 2H, Ar-H), 7.87 (s, 2H, Ar-H), 7.18 (s, 2H, Ar-H), 
4.30-4.18 (m, 20H, OCH2), 3.93 (t, J = 6.5 Hz, 4H, OCH2), 2.02-1.91 (m, 16H, CH2), 
1.89-1.80 (m, 4H, CH2), 1.64-1.55 (m, 24H, CH2), 1.46-1.32 (m, 44H, CH2), 
1.26-0.82 (m, 68H, CH2 and CH3). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 155.6, 
150.5, 149.6, 149.3, 148.7, 148.5, 129.3, 128.0, 127.8, 126.6, 124.8, 124.3, 123.4, 
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122.9, 122.5, 117.1, 108.0, 107.6, 107.0, 106.5, 104.7, 69.90, 69.86, 69.6, 69.5, 69.2, 
68.8, 31.8, 31.64, 31.61, 31.55, 29.48, 29.41, 29.35, 29.32, 29.2, 26.0, 25.80, 25.78, 
25.75, 22.59, 22.56, 14.00, 13.97. Anal. Calcd for C126H194O12: C, 79.61; H, 10.29. 
Found: C, 79.52; H, 9.89. FT-IR (KBr, cm-1): 3102, 2956, 2922, 2853, 1615, 1514, 
1467, 1430, 1386, 1300, 1264, 1195, 1173, 1053, 960, 926, 880, 840, 800, 723. MS 
(ESI): m/z: 1900.8 (40%); 1099.4 (100%). 
2,7-Bis(3,6,7,10,11-pentakis(hexyloxy)triphenylen-2-yl)-9,9-dihexyl-fluorene 
(T3). Bromide 21 (1.00 g, 1.24 mmol, 2.2 equiv.), boronic acid 19 (0.238 g, 0.56 
mmol, 1.0 equiv.), Bu4NBr (0.5 g), 2 M K2CO3 solution (50 ml), THF (50 ml) and 
Pd(PPh3)4 (65 mg, 0.05 mmol, 0.1 equiv.) were reacted using the general procedure. 
The crude product was purified using column chromatography over silica gel with 
CH2Cl2/hexanes (2:3) as eluent to yield a greenish yellow product (0.69 g, 69%). 1H 
NMR (CDCl3, 300 MHz, δ ppm): 8.48 (s, 2H, Ar-H), 8.00 (s, 2H, Ar-H), 8.98 (s, 2H, 
Ar-H), 7.93 (s, 2H, Ar-H), 7.90 (s, 1H, Ar-H), 7.87 (s, 5H, Ar-H), 7.81 (s, 2H, Ar-H), 
7.71 (dd, J = 7.83 Hz, J = 1.28 Hz, 2H, Ar-H), 4.30-4.20 (m, 20H, OCH2), 2.13-2.08 
(m, 4H, CH2), 2.02-1.85 (m, 20H, CH2), 1.64-1.48 (m, 20H, CH2), 1.45-1.34 (m, 40H, 
CH2), 1.17-1.11 (m, 12H, CH2), 0.98-0.89 (m, 34H, CH2 and CH3), 0.75 (t, J = 6.8 Hz, 
6H, CH3). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 155.0, 150.5, 149.8, 149.3, 148.8, 
139.9, 137.4, 131.2, 129.3, 128.4, 125.5, 124.8, 124.7, 124.0, 123.2, 123.1, 123.0, 
119.3, 108.1, 107.6, 107.0, 106.7, 105.3, 69.9, 69.8, 69.5, 69.3, 68.9, 55.1, 40.6, 31.6, 
31.5, 30.1, 29.4, 29.3, 29.2, 25.8, 24.0, 22.67, 22.63, 22.59, 22.54, 13.97, 13.94, 13.91. 
Anal. Calcd for C121H174O10: C, 81.25; H, 9.81. Found: C, 81.32; H, 9.50. FT-IR (KBr, 
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cm-1): 2956, 2929, 2857, 1615, 1513, 1468, 1431, 1390, 1263, 1173, 1043, 925, 880, 
837, 726. MS (ESI): m/z: 1788.0 (100%). 
3,6-Bis(3,6,7,10,11-pentakis(hexyloxy)triphenylen-2-yl)-9-(2-ethylhexyl)-carb
azole (T4). Bromide 21 (1.00 g, 1.24 mmol, 2.2 equiv.), boronic ester 17 (0.299 g, 
0.56 mmol, 1.0 equiv.), Bu4NBr (0.50 g), 2 M K2CO3 solution (50 ml), THF (50 ml) 
and Pd(PPh3)4 (65 mg, 0.05 mmol, 0.1 equiv.) were reacted using the general 
procedure. The crude product was purified using column chromatography over silica 
gel with CH2Cl2/hexanes (2:3) as eluent to yield a pale yellow semi-solid (0.52 g, 
53%). 1H NMR (CDCl3, 300 MHz, δ ppm): 8.51 (s, 2H, Ar-H), 8.49 (s, 2H, Ar-H), 
7.98 (s, 4H, Ar-H), 7.94 (s, 2H, Ar-H), 7.86 (m, 4H, Ar-H), 7.83 (d, J = 1.5 Hz, 2H, 
Ar-H), 7.55 (d, J = 8.5 Hz, 2H, Ar-H), 4.29-4.15 (m, 22H, OCH2- and NCH2), 2.22 (m, 
1H, CH), 1.99-1.79 (m, 20H, CH2), 1.59-1.22 (m, 68H, CH2), 1.04-0.82 (m, 30H, 
CH3), 0.74-0.70 (m, 6H, CH3). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 155.2, 149.6, 
149.3, 148.8, 148.7, 140.6, 131.6, 129.4, 129.0, 127.8, 125.7, 124.7, 124.1, 123.3, 
123.09, 123.03, 122.9, 121.6, 108.4, 107.9, 107.6, 107.1, 106.7, 105.1, 69.8, 69.5, 
69.3, 68.8, 47.7, 39.6, 31.6, 31.54, 31.48, 31.0, 29.6, 29.38, 29.34, 29.26, 29.24, 28.8, 
25.9, 25.8, 25.7, 24.4, 23.1, 22.57, 22.53, 22.48, 14.02, 13.96, 13.88, 13.81, 10.9. 
Anal. Calcd for C116H165NO10: C, 80.37; H, 9.59; N, 0.81. Found: C, 80.52; H, 9.51; 
N, 0.94. FT-IR (KBr, cm-1): 3101, 3054, 2955, 2929, 2857, 1732, 1615, 1510, 1468, 
1429, 1386, 1349, 1262, 1173, 1047, 926, 876, 839, 805, 726. MS (FAB): m/z: 
1773.1. 
2,5-Bis(3,6,7,10,11-pentakis(hexyloxy)triphenylen-2-yl)thiophene (T5). A 
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mixture of the diacetylene 23 (300 mg, 0.2 mmol), Na2S·9H2O (192 mg, 0.8 mmol) 
and KOH (34 mg, 0.6 mmol) in dimethyl sulfoxide (30 ml) was stirred at 150 °C for 
20 h under nitrogen atmosphere. After the reaction was cooled to room temperature, 
the mixture was poured into water (250 ml). The precipitate was filtered, washed with 
water and methanol. The crude product was purified using column chromatography 
over silica gel with CH2Cl2/hexanes (1:1) as eluent. Further purification was done by 
recrystallization from hot ethanol to give a yellow product (40 mg, 13%). 1H NMR 
(CDCl3, 300 MHz, δ ppm): 8.74 (s, 2H, Ar-H), 8.01 (s, 2H, Ar-H), 7.93 (s, 2H, Ar-H), 
7.89 (s, 2H, Ar-H), 7.85 (s, 4H, Ar-H), 7.76 (s, 2H, Ar-H), 4.36 (t, J = 6.50 Hz, 4H, 
-OCH2), 4.28-4.22 (m, 16H, -OCH2), 2.10-2.01 (m, 4H, CH2), 1.99-1.90 (m, 16H, 
CH2), 1.68-1.56 (m, 20H, CH2), 1.42-1.39 (m, 40H, CH2), 0.97-0.85 (m, 30H, CH3). 
13C NMR (CDCl3, 75.47 MHz, δ ppm): 154.1, 149.8, 149.3, 148.8, 148.7, 140.0, 
129.2, 126.1, 124.8, 123.8, 123.4, 123.19, 123.17, 123.0, 122.9, 108.0, 107.6, 107.0, 
106.7, 104.7, 76.9, 69.9, 69.8, 69.4, 69.3, 68.9, 31.6, 31.5, 29.6, 29.4, 29.37, 29.34, 
29.2, 25.9, 25.8, 22.5, 13.97, 13.95, 13.93. Anal. Calcd for C100H144O10S: C, 78.08; H, 
9.44; S, 2.08. Found: C, 78.04; H, 9.33; S, 1.90. FT-IR (KBr, cm-1): 2954, 2927, 2856, 
1734, 1616, 1518, 1467, 1429, 1387, 1303, 1264, 1175, 1071, 1049, 861, 837, 792, 
725. MS (FAB): m/z: 1536.9. 
General procedure for the preparation of triphenylene derivatives T6 and T7 
by Sonogashira coupling. A solution of the aryl halide, Pd(PPh3)2Cl2 and CuI in dry 
triethylamine was deoxygenated by bubbling nitrogen for 15 min. After the terminal 
alkyne was added, the reaction mixture was stirred under nitrogen at the selected 
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temperature. Upon completion, solvent was removed under reduced pressure, and 
dichloromethane was added to the residue. The organic layer was washed with water, 
dried over anhydrous Na2SO4, filtered and excess solvent was removed under reduced 
pressure. The residue was purified using column chromatography over silica gel with 
CH2Cl2/hexanes as eluent to yield the product. 
2-(2-(3,6,7,10,11-Pentakis(hexyloxy)triphenylen-2-yl)ethynyl)thiophene (T6). 
2-Iodothiophene (0.15 ml, 1.33 mmol, 2.0 equiv.), Pd(PPh3)2Cl2 (23 mg, 0.033 mmol, 
0.05 equiv.), CuI (13 mg, 0.66 mmol, 0.1 equiv.), triethylamine (30 ml) and the 
terminal acetylene 22 (0.50 g, 0.66 mmol, 1.0 equiv.) were reacted using the general 
procedure for Sonogashira coupling reactions. The reaction mixture was stirred 
overnight at 40 °C. The crude product was purified using column chromatography 
over silica gel with CH2Cl2/hexanes (5:8) as eluent to yield a yellow soft solid (0.41 g, 
74%). 1H NMR (CDCl3, 300 MHz, δ ppm): 8.54 (s, 1H, Ar-H), 7.89 (s, 1H, Ar-H), 
7.86 (s, 1H, Ar-H), 7.80 (s, 2H, Ar-H), 7.77 (s, 1H, Ar-H), 7.36 (dd, J = 3.60 Hz, J = 
0.98 Hz, 1H, Ar-H), 7.32 (dd, J = 5.14 Hz, J = 0.74 Hz, 1H, Ar-H), 7.05 (dd, J = 5.16 
Hz, J = 3.64 Hz, 1H, Ar-H), 4.30-4.20 (m, 10H, -OCH2), 2.00-1.89 (m, 10H, CH2), 
1.65-1.59 (m, 10H, CH2), 1.41 (m, 20H, CH2), 0.96-0.92 (m, 15H, CH3). 13C NMR 
(CDCl3, 75.47 MHz, δ ppm): 157.4, 150.1, 149.4, 148.9, 148.8, 131.6, 130.4, 128.0, 
127.1, 127.0, 125.3, 123.8, 123.4, 122.9, 122.8, 122.8, 112.1, 108.0, 107.4, 106.8, 
106.3, 104.7, 90.3, 86.6, 69.8, 69.8, 69.4, 69.3, 69.1, 31.6, 31.6, 29.6, 29.4, 29.3, 25.8, 
22.6, 14.0. Anal. Calcd for C54H74O5S: C, 77.65; H, 8.93; S, 3.84. Found: C, 77.51; H, 
8.50; S, 3.32. FT-IR (KBr, cm-1): 2926, 2857, 2200, 1723, 1614, 1516, 1465, 1436, 
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1388, 1309, 1264, 1176, 1042, 929, 871, 832, 723, 692. MS (EI): m/z: 834.8. 
3-(2-(3,6,7,10,11-Pentakis(hexyloxy)triphenylen-2-yl)ethynyl)thiophene (T7). 
Bromide 21 (0.45 g, 0.56 mmol, 1.0 equiv.), Pd(PPh3)2Cl2 (12 mg, 0.017 mmol, 0.03 
equiv.), CuI (3 mg, 0.017 mmol, 0.03 equiv.), triethylamine (15 ml) and 
3-ethynylthiophene (0.19 ml, 1.95 mmol, 3.5 equiv.) were reacted using the general 
procedure for Sonogashira coupling reactions. The reaction mixture was stirred at 60 
°C for 24 h. The crude product was purified using column chromatography over silica 
gel with CH2Cl2/hexanes (1:2) as eluent to yield a yellow soft solid (0.30 g, 66%). 1H 
NMR (CDCl3, 300 MHz, δ ppm): 8.56 (s, 1H, Ar-H), 7.90 (s, 1H, Ar-H), 7.86 (s, 1H, 
Ar-H), 7.80 (s, 2H, Ar-H), 7.78 (s, 1H, Ar-H), 7.60 (dd, J = 2.88 Hz, J = 1.00 Hz, 1H, 
Ar-H), 7.34 (dd, J = 4.97 Hz, J = 2.96 Hz, 1H, Ar-H), 7.30-7.23 (m, 1H, Ar-H), 
4.31-4.20 (m, 10H, -OCH2), 2.00-1.94 (m, 10H, CH2), 1.65-1.57 (m, 10H, CH2), 1.41 
(m, 20H, CH2), 0.96-0.90 (m, 15H, CH3). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 
157.5, 150.1, 149.4, 148.8, 148.8, 130.2, 129.9, 128.3, 128.2, 125.2, 123.4, 122.9, 
122.8, 122.7, 112.4, 107.9, 107.3, 106.8, 106.3, 104.7, 88.6, 86.0, 69.87, 69.84, 69.4, 
69.2, 69.1, 31.6, 29.6, 29.4, 29.3, 25.8, 22.6, 14.0. Anal. Calcd for C54H74O5S: C, 
77.65; H, 8.93; S, 3.84. Found: C, 77.73; H, 8.90; S, 3.71. FT-IR (KBr, cm-1): 3103, 
2954, 2928, 2857, 2208, 1735, 1614, 1515, 1467, 1434, 1389, 1314, 1263, 1228, 1175, 
1113, 1047, 924, 870, 837, 774, 726. MS (EI): m/z: 834.7. 
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Chapter 5 
Synthesis and Characterization of Polyacetylene and 
Polythiophene Polymers with Fluorene or Triphenylene as 
the Side Chains 
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5.1 Introduction 
In the last three chapters, we have focused on the modification of backbone 
structures to yield new materials via cross-linking the backbone, incorporation of 
novel functional monomer and synthesizing short chain analogous compounds. In the 
design of novel functional conjugated polymers, besides the change of the main chain 
structure, the choice of side chains also has a great impact on their properties. Usually, 
the pendant groups incorporated to increase the solubility of the resulting materials 
are non-conjugated groups such as alkyl groups, alkoxy groups and ester groups. Such 














Figure 5.1. Molecular structures of target polymers P17 and P18. 
 
The introduction of the functional side chains is an important way to tune the 
macroscopic properties. Polyacetylenes with the functional pendant groups such as 
the fullerene,165 pyrene,166 anthracene,167 carbazole,168 fluorene,169,170 ferrocene171 and 
mesogenic moieties172,173 have been reported and showed interesting properties such 
as optically activity of the obtained polymer with one-handed helical structure,165  
excellent stability and solubility,167 and liquid crystalline properties with highly 
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ordered phases.172 On the other hand, polythiophenes are also reported to have 
versatile properties174,175 with functional side chains such as the water-soluble 
thermally responsive side chains176 and mesogenic side chains.177,178 However, 
triphenylene is not explored as the functional side chains for the conjugated polymers, 
although there were a few studies in which triphenylene was used as side chains for 
the non-conjugated polymers.91,179-183 As discussed in Chapter 1, discotic triphenylene 
derivatives have a tendency to form one-dimensional charge transporting columnar 
structures due to strong pi-pi stacking while fluorene is known for its rigid and planar 
biphenyl structure with a relatively low HOMO.184-186 It is conceivable that the 
incorporation of functional groups will have an important impact on the overall 
properties of the resulting polymers. In this chapter, synthesis and characterization of 
polyacetylene and polythiophene polymers with functionalized side chains (Figure 5.1) 
are reported. The conjugated functional side chains such as triphenylene or fluorene 
are linked to polymer main chain without interruption of conjugation to form a rigid 
polymeric framework. 
 
5.2 Results and Discussion 
Synthesis of Monomers and Polymers. The synthetic routes to the monomers 
and polymers are outlined in Scheme 5.1. Syntheses of tetrazole 20 and terminal 
acetylene 22 have already been discussed in Chapter four. Suzuki coupling of the 
boronic acid 26 and compound 27 afforded compound 29 and a byproduct 28 which 
can be separated easily. Suzuki coupling of thiophene-3-boronic acid and the 
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compound 29 gave the monomer 30. However, the separation of the product 30 from 
the starting material 29 was difficult and purification was achieved after the remaining 
starting material 29 was fully converted to the compound 31 by reacting with 
2-methylbut-3-yn-2-ol using Sonogashira coupling procedure. On the other hand, 
Sonogashira coupling of bromide 29 with 3-ethynylthiophene proceeded smoothly to 
afford monomer 32. The electron-withdrawing cyano group was integrated into the 
monomers 30 and 32 in order to block the active electropolymerization sites on the 
fluorene. 
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Functionalized polyacetylene P17 was successfully prepared by polymerizing the 
terminal acetylene 22 using the catalyst [Rh(nbd)Cl]2 in toluene although it has a 
bulky o-substituted side chain.187 WCl6 was also used as catalyst in dry toluene at 40 
°C for polymerization, but did not yield the desired product. Polythiophene P18 was 
prepared by oxidative coupling using ferric chloride (FeCl3) as catalyst. During the 
polymerization, FeCl3 was suspended in chloroform and added dropwise to the 
monomer solution in order to improve the regioregularity.42 Due to the steric 
congestion of the large rigid side chains and the activating effect of the phenylene ring 
at the 3-position, the polymer is also expected to have a structure with high 
head-to-tail content.46,47 However, overlapping of the aromatic proton signals of the 
thiophene and side chains made it difficult to determine the regioregularity of the 
target polymers by 1H-NMR. On the other hand, the oxidative polymerization of 
monomer 32 under similar conditions did not yield the expected polymer as indicated 
by elemental analysis due to the instability of carbon-carbon triple bond, which 
probably decomposed under the reaction condition. 
Characterization of Polymers. These two polymers showed good solubility in 
dichloromethane, chloroform and tetrahydrofuran (THF). The results of the molecular 
weight measurements of P17 and P18 by means of gel permeation chromatography 
(GPC) with polystyrene as standard and THF as eluent, are listed in Table 5.1. The 
GPC results of the crude polyacetylene P17 showed a bimodal distribution with a 
peak corresponding to molecular weight (Mn) around 2300, indicating the formation 
of highly soluble trimer or cyclic product. After purification by Soxhlet extraction, a 
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monomodal molecular weight distribution (Mn = 10200) and an estimated degree of 
polymerization of 14 were obtained. On the other hand, P18 had an estimated degree 
of polymerization of 18 while its composition analysis showed good agreement 
between the expected and calculated empirical formula, with low iron content (wt. < 
0.1%).  
 
Table 5.1. Molecular Weights and Thermal Properties of Polymers P17 and P18 
Polymer Mn Mw Mw/Mn Td/°C Tg/°C 
P17 10200 14400 1.4 240 54 
P18 9400 17400 1.9 253 131 
 
Thermal Properties and X-ray Diffraction Study. The onset decomposition 
temperatures (Td) and the glass transition temperatures (Tg) obtained from TGA and 
DSC investigations (Figure 5.2) are listed in Table 5.1.  





















Figure 5.2. TGA curves of polymers P17 and P18 with a heating rate of 10 °C/min. 
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P17 and P18 exhibited good thermal stability with the Td around 240 °C and 253 
°C, respectively (Figure 5.2). The stability of polyacetylene P17 may be due to the 
wrapping of polyacetylene backbones by bulky triphenylene side chains, referred as 
“jacket effect”.169,188 P17 with triphenylene side chains exhibited no thermotropic 
liquid crystalline behavior in DSC investigation, presumably due to the restriction of 
the short rigid bridge between the polymer backbone and the triphenylene segments. 
The XRD pattern of P17 (Figure 5.3) showed a halo in the wide-angle region (2θ ≈ 
21.3°, corresponding to ca. 4.2 Å), which can be assigned to the spacing between the 
pendant triphenylene units as the typical lateral spacing between pendant groups 
found in monosubstituted polyacetylenes prepared using [Rh(nbd)Cl]2 catalyst169,173 
and is consistent with the expected trans-cisoid conformation of the polyacetylene 
chain168 while P18 is completely amorphous because the steric effect of bulky rigid 
pendant groups obstructed the packing of the polymer.169  

















Figure 5.3. X-ray diffraction pattern of the thin films of P17 and P18 prepared by 
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Optical Properties of Polymers and Related Monomers. The absorption and 
emission spectra of monomers 30, 32 and byproduct 28 in distilled THF are shown in 
Figure 5.4 while Figure 5.5 shows the absorption and emission spectra of P17 and 
P18 in THF solution. The UV–vis absorption and fluorescence emission data are 













































Figure 5.4. Absorption and normalized emission spectra (excited 350 nm) of 
monomers 30, 32 and byproduct 28 in THF solution. The concentration of compounds 
28, 30 and 32 was 16 mg/L, 12 mg/L and 14 mg/L, respectively. 
 
Compounds 28, 30 and 32 incorporated with fluorene exhibited absorption 
maxima around 350 nm, which can be assigned to the pi–pi* transition of the 
conjugated backbone and exhibited near UV to blue photoluminescence (380 – 425 
nm).  
Due to the much higher absorption coefficient of conjugated side chains compared 
to that of the polymer backbone, the contribution of the π-π* transition of the 
backbone to the absorption spectrum is minor in both P17 and P18.169 Similar to the 
reported monosubstituted polyacetylenes with conjugated side chains such as fluorene 
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groups,169 the absorption spectra of P17 exhibited a maximum at 268 nm and a 
shoulder at 289 nm, corresponding to the pi-pi* transition of the pendant triphenylene 
units,89 while the broad weak absorption band in the near UV and visible region can 
be attributed to the polyene backbone. P17 is photoluminescent in low concentration 
with the emission maximum at λmax = 439 nm (excited at 300 nm) and easily 
quenched at higher concentration, presumably due to the stacking of the triphenylene 
side chains.  
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Figure 5.5. Absorption spectra of P17 and P18 and normalized emission spectra of 
P17 (excited at 300 nm) and P18 (excited at 350 nm) in THF solution. The 
concentration of P17 solution was 28 mg/L for UV–vis absorption and 11 mg/L for 
fluorescence emission measurements, respectively. The concentration of P18 solution 
was 12 mg/L for all measurements. 
 
The UV–vis absorption spectra of P18 exhibited one absorption peak in the UV 
region (337 nm) and another one in the visible region (449 nm), which is attributed to 
the conjugated side chains and pi-pi* transition of the polymer main chains, 
respectively,41 while its emission spectrum exhibited only one emission maximum at 
555 nm. The absorption of the main chains of P18 is blue-shifted compared to that of 
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regioregular poly(3-(4-octylphenyl)thiophene)42 solution (peak at 467 nm) and is 
red-shifted compared to that of regioirregular poly(3-(4-octyloxyphenyl)thiophene)189 
solution (peak at 396 nm) in chloroform, probably due to the combined effect of the 
bulky side chains, the regioregularity, and the extended conjugation benefited from 
conjugated side chains. On the other hand, the films of polymers P17 and P18 showed 
the absorption spectra very similar to the solution spectra but slightly red-shifted with 
respect to the latter. It indicates that P17 and P18 have a low degree of aggregation in 
their solid state due to steric effect. 
 
Table 5.2. Optical Properties and Cyclic Voltammetric Results for Polymers (P17 and 













28 352 384, 400 3.16   
30 350 405 3.16   
32 354 394 3.14   
P17 268, 289 (270) 439 1.96 -5.30 -3.34  
P18 337, 449 (340, 449) 555 2.18 -5.46 -3.28  
aNumbers in parentheses correspond to the absorption of polymer films. bEstimated 
from the onset wavelengths of UV–vis spectra of compounds 28, 30 and 32 in 
solution and P17 and P18 as film. cCalculated using the equation: HOMO = -(4.44 + 
Eonset). dCalculated from LUMO = HOMO + Eg. Eg is the band gap. 
 
Electrochemistry. The electrochemical behavior of the polymers P17 and P18 
(Figure 5.6) was investigated by cyclic voltammetry (CV) performed in acetonitrile 
containing Bu4NClO4 (0.1M) as a supporting electrolyte at a scan rate of 0.1 V/s. A 
platinum electrode coated with a thin polymer film was used as the working electrode 
of the three electrode systems and an Ag/AgCl electrode was used as the reference 
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electrode. The HOMO energy levels were calculated from the onset of oxidation 
potential (Eonset) according to the empirical formula,145,190 HOMO = -(4.44 + Eonset) 
(eV). The LUMO energy levels were calculated according to the formula, LUMO = 
HOMO + Eg. Eg is the band gap estimated from the onset wavelengths of UV–vis 
spectra. The p-doping (oxidation) of P17 was partially reversible and unstable under 
repeated scanning, presumably due to the decomposition of the polymer main chains. 
P18 showed good reversibility of its p-doping and was stable without significant 
overoxidation or degradation of the polymer films when scanned repeatedly. 


































Figure 5.6. Cyclic voltammograms of the films of a) P17 and b) P18 on platinum 
plates in acetonitrile containing Bu4NClO4 (0.1 M), scan rate 0.1 V/s.  
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Supramolecular Assembly. Morphological studies of P18 were carried out using 
scanning electron microscope (SEM). The self-assembly process of P18 was triggered 
by adding methanol dropwise to a concentrated solution of P18 in THF with 
continuous stirring. The resulting turbid liquid was diluted with THF, drop-casted on a 
glass plate and dried slowly in ambient conditions. The SEM image (Figure 5.7a) 
shows the spherical aggregates of P18 with an average diameter around 0.4 µm. 
 
  


















Figure 5.7. SEM micrograph (a) of the spherical aggregates of P18 and number vs 
diameter histogram (b) from SEM image analysis. 
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5.3 Conclusions 
Polyacetylene and polythiophene polymers with conjugated fluorene or 
triphenylene as the side chains were synthesized and characterized. The two polymers 
were soluble and thermally stable up to 240 °C. Their absorption exhibited bands in 
the UV regions due to the pi-pi* transition of the conjugated side chains. The 
polyacetylene with triphenylene side chains emitted in the blue region in dilute 
solution and showed no mesogenic properties while the polythiophene with fluorene 
side chains exhibited green photoluminescence, good p-doping stability and spherical 
aggregates from the solvent mixture of methanol and THF. 
 
5.4 Experimental Section 
Materials. All reagents were purchased from Aldrich, Fluka or Merck and were 
used without further purification unless otherwise stated. All reactions were carried 
out with dry, freshly distilled organic solvents and in an inert atmosphere.  
Instrumentation. The 1H and 13C NMR spectra were collected using Bruker 
NMR spectrometers. Thermogravimetric analyses (TGA) and differential scanning 
calorimetry (DSC) were done using TA instrument 2960 and 2920, respectively. Gel 
permeation chromatography (GPC) was used to obtain the molecular weight of 
polymers with reference to polystyrene standards using tetrahydrofuran (THF) as 
eluent. Absorption and emission spectra of polymers were obtained using a Shimadzu 
3101PC and RF-5301PC spectrophotometer, respectively. IR spectra were recorded 
using a BIORAD FT-IR spectrophotometer. MS spectra were obtained using a 
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Finnigan TSQ 7000 spectrometer. Elemental analyses were performed using a 
Perkin-Elmer CHNS autoanalyzer. The X-ray diffraction data were recorded by a 
D5005 Siemens X-ray diffractometer with Cu Kα (1.5418 Å) radiation (40 kV, 40 
mA). Samples were scanned with a step size of 2θ = 0.01° between 2θ = 1.5° and 30°. 
Synthesis. The synthetic scheme for the monomers and the polymers is outlined 
in Scheme 5.1. The syntheses of tetrazole 20 and terminal acetylene 22 have already 
been discussed in Chapter 4. 2,7-Dibromo-9,9-dihexylfluorene 27 was prepared 
according to a modified procedure.27 
General procedure for Suzuki coupling. The bromide and boronic acid 
with/without phase transfer agent Bu4NBr were added to a mixture of 2 M K2CO3 
solution and THF. After the addition of catalyst tetrakis(triphenylphosphine)- 
palladium(0), the mixture was deoxygenated by bubbling nitrogen for 15 min and 
stirred vigorously for 24 hours (unless specified) at reflux temperature under nitrogen 
atmosphere. The reaction mixture was cooled to room temperature, extracted with 
dichloromethane. The organic layer was separated, washed with water, dried over 
anhydrous Na2SO4, filtered and solvent was removed under reduced pressure. The 
residue was purified using column chromatography over silica gel with 
CH2Cl2/hexanes as eluent to yield the product. 
2,7-Bis(4-cyanophenyl)-9,9-dihexylfluorene (28) and 2-bromo-7-(4- 
cyanophenyl)- 9,9-dihexylfluorene (29). 2,7-Dibromo-9,9-dihexyl-fluorene (2.35 g, 
4.8 mmol, 1.0 equiv.), the boronic acid 26 (0.70 g, 4.8 mmol, 1.0 equiv.), Bu4NBr 
(0.50 g), 2 M K2CO3 solution (50 mL), THF (50 mL), Pd(PPh3)4 (220 mg, 0.2 mmol, 
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0.04 equiv.) were reacted using the general procedure for Suzuki coupling. The crude 
product was purified using column chromatography with CH2Cl2/hexanes (1:1) as 
eluent to yield a pale yellow product 29 (1.10 g, 45%) and a byproduct 28 as white 
solid (0.45 g). 
2,7-Bis(4-cyanophenyl)-9,9-dihexylfluorene (28). 1H NMR (CDCl3, 300 MHz, δ 
ppm): 7.83 (d, J = 7.86 Hz, 2H, Ar-H), 7.78-7.74 (8H, Ar-H), 7.61 (dd, J = 7.90 Hz, J 
= 1.49 Hz, 2H, Ar-H), 7.56 (s, 2H, Ar-H), 2.08-2.02 (m, 4H, CH2), 1.11-1.05 (m, 12H, 
CH2), 0.74 (t, J = 6.84 Hz, 6H, CH3), 0.69-0.66 (m, 4H, CH2). 13C NMR (CDCl3, 
75.47 MHz, δ ppm): 152.0, 145.8, 140.8, 138.3, 132.5, 127.6, 126.3, 121.4, 120.5, 
118.9, 110.6, 55.4, 40.2, 31.3, 29.5, 23.7, 22.4, 13.8. Anal. Calcd for C39H40N2: C, 
87.27; H, 7.51; N, 5.22. Found: C, 86.93; H, 7.69; N, 4.71. FT-IR (KBr, cm-1): 3064, 
3037, 2953, 2927, 2855, 2228, 1914, 1789, 1725, 1681, 1603, 1509, 1466, 1405, 1377, 
1273, 1252, 1208, 1180, 1138, 1113, 1073, 1040, 1016, 973, 895, 850, 817, 750, 727. 
MS (EI): m/z: 536.4. 
2-Bromo-7-(4-cyanophenyl)-9,9-dihexylfluorene (29). 1H NMR (CDCl3, 300 
MHz, δ ppm): 7.76-7.72 (m, 5H, Ar-H), 7.60-7.55 (m, 2H, Ar-H), 7.51-7.46 (m, 3H, 
Ar-H), 2.00-1.95 (m, 4H, CH2), 1.12-1.04 (m, 12H, CH2), 0.76 (t, J = 6.88 Hz, 6H, 
CH3), 0.65-0.60 (m, 4H, CH2). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 153.2, 151.3, 
145.9, 140.7, 139.2, 138.3, 132.5, 130.1, 127.7, 126.3, 126.2, 121.6, 121.4, 121.3, 
120.3, 118.9, 110.7, 55.6, 40.2, 31.4, 29.5, 23.6, 22.5, 13.9. Anal. Calcd for 
C32H36BrN: C, 74.70; H, 7.05; Br, 15.53; N, 2.72. Found: C, 74.45; H, 7.04; Br, 15.17; 
N, 2.53. FT-IR (KBr, cm-1): 3067, 2954, 2927, 2855, 2226, 1635, 1605, 1509, 1456, 
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1430, 1403, 1377, 1250, 1180, 1132, 1112, 1061, 1003, 877, 849, 814, 753, 723. MS 
(EI): m/z: 515.3. 
General procedure for Sonogashira coupling reactions. A solution of the aryl 
halide, Pd(PPh3)2Cl2 and CuI in dry triethylamine was deoxygenated by bubbling 
nitrogen for 15 min. One portion of the terminal alkyne was added using syringe 
through the rubber septum. The reaction mixture was stirred at 70 °C for 12 h and an 
additional equal portion of alkyne was added. The reaction mixture was further stirred 
at the same temperature for another 12 h. Upon completion, the reaction mixture was 
cooled to room temperature. Solvent was removed under reduced pressure and 
dichloromethane was added to the residue. The organic layer was washed with water, 
dried over anhydrous Na2SO4, filtered and solvent was removed under reduced 
pressure. The residue was purified using column chromatography over silica gel with 
CH2Cl2/hexanes as eluent to yield the product. 
3-(7-(4-Cyanophenyl)-9,9-dihexylfluoren-2-yl)thiophene (30) and 
2-(4-cyanophenyl)-7-(3-hydroxy-3-methylbutynyl)-9,9-dihexylfluorene (31). The 
bromide 29 (0.50 g, 0.97 mmol, 1.0 equiv.), thiophene-3-boronic acid (0.25 g, 1.94 
mmol, 2.0 equiv.), 2 M K2CO3 solution (25 mL), THF (25 mL), Pd(PPh3)4 (45 mg, 
0.04 mmol, 0.04 equiv.) were reacted using general procedure for Suzuki coupling for 
2 days. The crude product was purified with CH2Cl2/hexanes (1:1) as eluent to give 
the mixture of the bromide 29 and product 30. The mixture, Pd(PPh3)2Cl2 (20 mg, 
0.03 mmol,), CuI (6 mg, 0.03 mmol), triethylamine (20 mL), 2-methyl-3-butyn-2-ol 
(0.3 mL + 0.3 mL, 5.8 mmol) were reacted as the general procedure for Sonogashira 
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coupling reactions. The crude product was purified using column chromatography 
with CH2Cl2/hexanes (1:1) as eluent to give a pale yellow product 30 (242 mg, 48%) 
and a yellow by-product 31. 
3-(7-(4-Cyanophenyl)-9,9-dihexylfluoren-2-yl)thiophene (30). 1H NMR (CDCl3, 
300 MHz, δ ppm): 7.80-7.72 (m, 6H, Ar-H), 7.63-7.52 (m, 5H, Ar-H), 7.48 (dd, J = 
5.02 Hz, J = 1.19 Hz, 1H, Ar-H) 7.43 (dd, J = 4.99 Hz, J = 2.84 Hz, 1H, Ar-H), 
2.06-2.00 (m, 4H, CH2), 1.11-0.98 (m, 12H, CH2), 0.75 (t, J = 6.83 Hz, 6 H, CH3), 
0.69-0.67 (m, 4H, CH2). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 151.9, 151.7, 146.1, 
142.7, 141.5, 139.3, 137.7, 135.2, 132.5, 127.7, 126.4, 126.2, 125.5, 121.4, 120.8, 
120.3, 120.2, 120.1, 119.0, 110.5, 55.3, 40.4, 31.4, 29.6, 23.7, 22.5, 13.9. Anal. Calcd 
for C36H39NS: C, 83.51; H, 7.59; N, 2.71; S, 6.19. Found: C, 83.78; H, 7.77; N, 2.43; 
S, 5.79. FT-IR (KBr, cm-1): 3104, 3039, 2953, 2926, 2853, 2225, 1912, 1678, 1604, 
1509, 1467, 1401, 1376, 1360, 1275, 1248, 1200, 1179, 1136, 1112, 1084, 1016, 967, 
892, 870, 849, 820, 784, 772, 724. MS (EI): m/z: 517.3. 
2-(4-Cyanophenyl)-7-(3-hydroxy-3-methylbutynyl)-9,9-dihexylfluorene (31). 
1H NMR (CDCl3, 300 MHz, δ ppm): 7.77-7.72 (m, 5H, Ar-H), 7.66 (d, J = 7.74 Hz, 
1H, Ar-H), 7.57 (dd, J = 7.92 Hz, J = 1.55 Hz, 1H, Ar-H), 7.52 (m, 1H, Ar-H),  
7.44-7.41 (m, 2H, Ar-H), 2.06 (s, 1H, -OH), 2.01-1.96 (m, 4H, CH2), 1.66 (s, 6H, 
CH3), 1.11-1.03 (m, 12H, CH2), 0.75 (t, J = 6.89 Hz, 6 H, CH3), 0.62-0.58 (m, 4H, 
CH2). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 152.0, 151.0, 145.9, 141.1, 140.4, 138.3, 
132.5, 130.8, 127.7, 126.3, 126.1, 121.5, 121.4, 120.5, 119.8, 118.9, 110.7, 93.9, 82.9, 
65.7, 55.3, 40.3, 31.5, 31.4, 29.6, 23.7, 22.5, 13.9. Anal. Calcd for C37H43NO: C, 
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85.83; H, 8.37; N, 2.71. Found: C, 85.53; H, 8.45; N, 2.28. FT-IR (KBr, cm-1): 3063, 
3035, 2955, 2928, 2856, 2227, 1724, 1676, 1604, 1509, 1466, 1403, 1376, 1282, 1197, 
1165, 1140, 1073, 1016, 967, 937, 892, 852, 819, 754, 724. MS (EI): m/z: 517.4. 
3-((7-(4-Cyanophenyl)-9,9-dihexylfluoren-2-yl)ethynyl)thiophene (32). The 
bromide 29 (0.60 g, 1.17 mmol, 1.0 equiv.), Pd(PPh3)2Cl2 (25 mg, 0.035 mmol, 0.03 
equiv.), CuI (7 mg, 0.035 mmol, 0.03 equiv.), triethylamine (15 mL), 
3-ethynylthiophene (0.3 mL + 0.3 mL, 6.06 mmol, 5.2 equiv.) were reacted as the 
general procedure for Sonogashira coupling reactions. The crude product was purified 
using column chromatography with CH2Cl2/hexanes (5:7) as eluent to give a brown 
solid (0.62 g, 98%). 1H NMR (CDCl3, 300 MHz, δ ppm): 7.79-7.73 (m, 5H, Ar-H), 
7.70 (d, J = 8.31 Hz, 1H, Ar-H), 7.59-7.51 (m, 5H, Ar-H), 7.33 (dd, J = 4.97 Hz, J = 
2.99 Hz, 1H, Ar-H), 7.24 (dd, J = 4.98 Hz, J = 1.11 Hz, 1H, Ar-H), 2.04-1.98 (m, 4H, 
CH2), 1.14-1.04 (m, 12H, CH2), 0.75 (t, J = 6.88 Hz, 6H, CH3), 0.67-0.61 (m, 4H, 
CH2). 13C NMR (CDCl3, 75.47 MHz, δ ppm): 152.0, 151.1, 145.9, 141.1, 140.4, 138.2, 
132.5, 130.7, 129.8, 128.5, 127.7, 126.3, 125.9, 125.4, 122.3, 121.9, 121.4, 120.5, 
119.9, 119.0, 110.6, 89.7, 84.8, 55.3, 40.3, 31.4, 29.6, 23.7, 22.5, 13.9. Anal. Calcd for 
C38H39NS: C, 84.24; H, 7.26; N, 2.59; S, 5.92. Found: C, 84.23; H, 7.24; N, 2.33; S, 
5.71. FT-IR (KBr, cm-1): 3108, 3062,3038, 2953, 2927, 2854, 2226, 1913, 1773, 1724, 
1681, 1604, 1509, 1466, 1405, 1377, 1356, 1283, 1249, 1205, 1179, 1113, 1078, 1016, 
952, 891, 851, 819, 779, 756, 725, 689, 624. MS (EI): m/z: 541.4. 
Poly((3,6,7,10,11-pentakis(hexyloxy)triphenylen-2-yl)acetylene) (P17). The 
terminal acetylene 22 (250 mg, 0.33 mmol, 0.2 M, 1.0 equiv.) and 
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chloro(2,5-norbornadiene)rhodium(I) dimer (6 mg, 0.04 equiv.) were added to the dry 
reaction flask inside a glove box under nitrogen atmosphere. Toluene (1.6 mL, dried 
over 4 Å molecular sieves) was added using syringe through the rubber septum and 
the color of the reaction mixture changed to dark brown quickly. The reaction mixture 
was stirred at 40 °C under nitrogen atmosphere for 24 h. The crude polymer in a small 
amount of toluene was precipitated from methanol a few times, and the polymer was 
further purified by Soxhlet extraction with methanol for 2 days to give a dark brown 
solid (142 mg, 57%). 1H NMR (CDCl3, 500 MHz, δ ppm): 7.85-6.65 (b, 6H, Ar-H), 
5.31-4.91 (b, 1H, olefinic H), 4.24-3.76 (m, 10H, OCH2), 2.92 (b, 2H, CH2), 
1.93-0.92 (m, 53H, CH2 and CH3). 13C NMR (CDCl3, 125.77 MHz, δ ppm): 147.4, 
122.8, 105.9, 77.0, 69.8, 69.3, 31.8, 31.6, 29.6, 29.4, 25.9, 22.6, 14.0. Anal. Calcd for 
C50H72O5: C, 79.74; H, 9.64. Found: C, 79.79; H, 9.87. FT-IR (KBr, cm-1): 2955, 2927, 
2856, 1698, 1616, 1509, 1468, 1430, 1385, 1263, 1171, 1041, 926, 875, 838, 801, 
725. 
Poly(3-(7-(4-cyanophenyl)-9,9-dihexylfluoren-2-yl)thiophene) (P18). A 
suspension of 4.0 equiv. anhydrous FeCl3 (288 mg, 1.78 mmol) in dry chloroform (9 
mL) was added dropwise to a solution of monomer 30 (230 mg, 0.44 mmol, 0.05 M) 
in 9 mL chloroform in 10 min, under stirring and nitrogen atmosphere. The mixture 
was stirred at room temperature for 12 h, poured to 400 mL methanol, stirred for 2 h 
and filtered. The precipitate was collected, washed with methanol, dissolved in a 
small amount of chloroform, reprecipitated from methanol and filtered. The 
precipitate was stirred overnight with 100 mL dichloromethane and 150 mL aqueous 
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ammonium hydroxide (5 %). The organic layer was separated, washed with 100 mL 
deionized water for 3 times, filtered and solvent was removed under reduced pressure 
to give a crude polymer. Further purification by Soxhlet extraction with methanol for 
2 days gave190 mg orange-red polymer. This polymer was powdered and washed 
thoroughly with diethyl ether for 4 times (20 mL × 4) to give a deep red polymer (60 
mg, 26%) which was used for characterization. 1H NMR (CDCl3, 500 MHz, δ ppm): 
7.72-6.83 (b, 11H, Ar-H), 1.98-1.87 (b, 4H, CH2), 0.96-0.90 (b, 12H, CH2), 0.65 (b, 
10H, CH2 and CH3). 13C NMR (CDCl3, 125.77 MHz, δ ppm): 151.9, 151.3, 145.9, 
141.2, 139.8, 137.9, 134.8, 132.5, 131.0, 130.0, 127.6, 126.2, 123.8, 122.6, 121.5, 
120.3, 118.9, 110.6, 55.2, 54.9, 40.2, 40.0, 31.5, 31.2, 29.6, 29.4, 23.7, 22.4, 13.9. 
Anal. Calcd for C36H37NS: C, 83.84; H, 7.23; N, 2.72; S, 6.22. Found: C, 83.49; H, 
7.57 N, 2.42; S, 6.05. FT-IR (KBr, cm-1): 3035, 2952, 2925, 2853, 2226, 1740, 1604, 
1509, 1466, 1401, 1377, 1254, 1179, 1111, 892, 849, 817, 748. 
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Chapter 6  
Conclusions and Future Work 
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6.1 Conclusions 
The results described in this work have explored the structure-property 
relationships to develop novel functional conjugated materials mainly based on 
poly(p-phenylene) and triphenylene by cross-linking the polymer backbone, 
incorporation of triphenylene monomers, preparation of triphenylene-incorporated 
short chain PPP analogues and introduction of conjugated side chains. 
Covalently cross-linked polyphenylenes with a two dimensional conjugated 
network structure were synthesized and characterized. Before this study was 
undertaken, the effects of cross-links on electronic properties of 2D network of 
polyphenylenes were mainly unknown. The investigation of the thermal and 
photophysical properties of these cross-linked polymers showed a low degree of 
cross-links did not alter these properties compared to the linear chain polymers. With 
optimized conditions, two series of high molecular weight cross-linked polymers with 
different pendant groups were successfully obtained by using a small amount of 
cross-linker in the palladium-catalyzed Suzuki coupling reaction. The synthetic 
scheme used here is a simple and effective way of modifying linear PPP-type 
polymers to cross-linked conjugated polymers. 
Toward expanding our knowledge on the understanding of self-assembly in 
conjugated polymers, a few novel triphenylene-incorporated polyphenylenes have 
been synthesized and characterized. These polyphenylenes were thermally stable and 
emitted light in the blue region in solution. The effects of triphenylene as a source for 
strong pi-pi stacking in the conjugated polymers have been revealed by the X-ray 
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investigation that these polymers exhibited well-ordered structures in solid state. 
To further explore the idea of triphenylene-based PPP-type materials, triphenylene 
dimers with pi-spacers and related thiophene-incorporated triphenylene derivatives 
were synthesized and characterized. These triphenylene derivatives exhibited versatile 
thermal behavior due to their sensitivity to structural variations. Compounds showed 
crystalline nature, glassy state, nematic LC, discotic columnar LC or banana-shaped 
LC properties. All these compounds gave blue to green photoluminescence in solution 
due to their extended π-conjugation. Such promising results could make these 
materials suitable for applications in which a combination of the light-emitting 
properties of PPPs and the charge transporting properties of triphenylenes along with 
their liquid crystalline properties are needed. 
Finally, as the result of efforts to extend the unique properties of conjugated 
polymers, polyacetylene and polythiophene polymers with fluorene or triphenylene 
pendant groups were synthesized and characterized. The resulting polyacetylene with 
triphenylene side chains was non-mesogenic and fluorescent in low concentration 
while the polythiophene with fluorene side chains exhibited broad absorption, emitted 
a single peak in the green region and showed good p-doping stability. 
 
6.2 Future Work 
While we have provided some insight of structure-property relationships of 
cross-linked polyphenylenes, issues regarding the charge carrier mobility still remain 
unanswered although other cross-linked polymers based on poly(phenylene 
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ethynylene) and polythiophene showed enhanced charge carrier mobility. Device 
fabrication such as photovoltaic cells and OLED devices and performance evaluation 
should be carried out to fully understand the advantages of cross-linked 
polyphenylenes. Besides, such cross-linked network can also be applied to the sensor 
applications or non-linear optical applications because cross-linked conjugated 
network provides a conjugated pathway for intramolecular interactions. 
In addition, the incorporation of triphenylene onto the conjugated polymer chains 
opens a door to control the self-assembly by strong pi-pi interaction. Other polycyclic 
aromatic hydrocarbons can also be used to develop functional materials. 
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